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UNCLASSII  TET)  ABSTRACT 


The  spectral  ccaaparisor.  method  has  been  developed  for  the  measurement  of 
temperatures  of  both  the  gas  and  condensed  phase  in  a  flame.  This  method  utilizes 
measurements  of  spec  "um  line  emission  from  the  gac  ''ontinuuir.  emission  from 
the  particle  cloud  to  allow  determination  of  the  temperature  both  phases.  The 
method  accounts  for  the  effect  of  scattering  by  the  particle  cloud  through  measure¬ 
ments  of  effective  particle  size  and  number  density  used  in  conjuction  with  the 
Mie  theory. 

The  measurement  precision  for  this  method  for  a  clean  gas  was  determined 
from  measurements  on  a  H2/O2  flame;  the  resulting  standard  deviation  in  gas 
temperature  was  l6®K.  With  particles  of  alumina  introduced  into  the  flame,  the 
standard  deviation  in  gas  temperature  was  increased  to  Uo.8®K.  For  the  particle 
temperature  the  standard  deviation  was  lUO®K,  a  relatively  high  value  because  of 
the  uncertainty  in  the  refractive  index  of  molten  alxunina. 

The  first  spectral  line  of  the  sodium  doublet  (0.589w)  was  assessed  to  be 
a  good  indicator  of  the  gas  temperature  in  flames.  This  was  determined  by  a 
comparison  to  the  lithium  line  at  0.6708u  which  is  associated  with  an  electron 
transition  of  longer  radiative  lifetime. 

Measurements  of  particle  cloud  emittance  in  small  flames  were  obtained  under 
controlled  conditions  from  which  the  imaginary  part  of  the  refractive  index  for 
mo,lten  alumina  could  be  determined.  These  measurements  and  emittance  data  of 
other  investigators  were  used  tc  determine  an  approximate  average  value  of  0.005 
for  the  imaginary  part  for  alxunina  above  its  melting  temperature.  Light  scattering 
measurements  were  also  performed  using  small  flames  with  entrained  alumina  parti¬ 
cles.  Particle  number  density  determined  from  the  scattering  measurements  gave 
striking  egreement  with  the  quantity  derived  from  a  material  balance. 

Measurements  were  tedien  of  light  extinction  and  emission  in  the  plumes  of 
small  rocket  motors  having  propellents  which  contained  aluminum,  LM-2,  or  IAlH-2. 
These  measurements  indicated  a  mean  particle  diameter  in  the  plume  of  0.6  to 
1.0  end  thermal  leg  as  high  as  700°K„  Gas  and  particle  temperatures  were 
measured  in  the  chamber  of  an  LM-2-type  motor,  which  indicated  that  significant 
combustion  is  occurring  downstream  of  the  propellant  grain.  The  measxirement s 
definitely  help  to  clarify  the  combustion-expansion  phenomena  and  demonstrate 
the  valuable  utility  of  the  measurement  technique  in  this  type  of  investigation. 
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I. 

IHTRODUCTION 


A.  OBJECTIVES 

The  immediate  objective  of  this  program  is  to  develop  a  method  for 
measuring  chamber  and  exhaust  tenperatxures  of  metalized  propellants  and  to  distin¬ 
guish  between  the  temperatures  of  both  the  gaseous  and  condensed  species  in  a 
rocket  motor  exhaust. 

The  specific  objective  is  to  utilize  the  measiirement  techniques 
developed  in  this  program  for  those  propellants  specified  in  Exhibit  A  of  this 
contract  to  gain  insight  into  the  actual  performance  ])Otentlal  of  such  systens 
and  into  methods  of  improving  their  performance. 

A  secondary  objective  is  to  obtain  thrust  and  chamber  pressure  measxire- 
ments  on  small  motor  tests  to  correlate  measured  thrust  and  specific  Impiilse  with 
the  measurements  of  temperature. 

B.  SUMMARY 

The  program  was  initiated  on  19  May  1965.  The  first  half  of  the 
program  was  devoted  to  (l)  initial  analysis,  (2)  checkout  and  cadibration  of 
spectroscopy  equipment  and  optics,  (3)  determination  of  measurement  precision, 
and  (U)  spectroscopic  and  light  scattering  measurements  using  small  H2/0^  flames 
with  entrained  alumina  particles  (O.l  to  l.Opdia). 

The  second  half  of  the  program  was  devoted  to  (l)  development  of 
equipment  ancillary  to  that  used  in  the  laboratory  so  that  the  motor  test 
measurements  could  be  taken  and  (2)  testing  of  lXS-250  motors. 

Measurement  precision  was  determined  by  measuring  small  H2/O2  flames 
that  contained  Ai203  particles.  Briefly,  the  results  of  the  random  error  deter¬ 
mination  indicated  a  confidence  interval  about  temperature  typified  by  the 
following : 

With  no  pEurticles  in  the  flame: 

T  =  2600  +  17®K  (25  degrees  of  freedom) 

s 

With  particles  in  the  flame: 

T  =  2600  +  Ul®K  (50  degrees  of  freedom) 

g  ~ 

Tp  =  2600  +  75®K  (50  degrees  of  freedom) 

TT]  the  case  where  one  mean  of  a  set  has  been  determined,  the  number  of  degrees 

of  freedom  is  one  less  than  the  number  of  measurements.  In  the  usual  case 
throughout  this  report,  the  number  is  only  approximate,  and  is  stated  in  thiu 
manner  to  allow  the  reader  to  draw  his  own  statistical  Inference  from  the  set. 
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I,  B,  Summary  (cont.) 


The  confidence  interval  about  particle  temperature  does  not  includf.  the 
\xncertainty  in  AI2O2  refractive  index  or  particle  size  ^rtiich  causes  a  larger 
inteirval.  Data  from  the  laboratory  and  elsewhere  (Ref  1)  bear  on  this 
problem  and  will  be  discussed  below.  These  uncertainties  do  not  affect  the  gas 
temperature  variemce  but  the  present  uncertainty  in  alumina  refractive  index 
broadens  the  standard  deviation  in  particle  temperature  to  lUO*’K. 

The  results  frco  the  experiments  on  thermodynamic  equilibrium  in  hydrogen- 
oxygen  flames  were  obtained  by  studying  emission  from  the  spectral  lines  of  barium, 
cesium,  lithium,  and  sodium.  It  was  found  that  beu*liun  and  cesi:  were  poor  trace 
elements  to  be  used  for  flame  temperature  measurement,  but  that  sodium  and 
lithium  appeared  to  be  satisfactory  (Ref  2).  Subsequent  measurements  on 
small  rocket  motors  have  been  performed  on  the  first  line  of  the  sodium  doublet 
(0. 588995 u).  The  results  of  the  motor  tests  are  described  herein. 

Light  scattering  measurements  on  a  particle-ladf.n  flame  were  related  to 
effective  particle  size  and  number  concentration  through  Mie  scattering  theory. 
Particle  size  distribution  determined  frcan  microscopic  examination  of  a  sample 
coU-ected  from  the  flame  was  in  striking  agreement  with  that  determined  from 
the  optical  measurements.  A  further  check  on  number  concentration  was  possible 
because  the  mass  flow  xate  of  particles  was  ofonitored.  Again,  the  agreement  with 
that  value  of  number  concentration  obtained  from  the  optical  measurements  was 
very  good,  and  good  confidence  ia  the  light  scattering  measurement  technique  was 
established. 

Motor  firings  were  then  conducted  with  measurements  of  spectral  emission 
and  scattered  light  intensity  being  recorded  in  the  exhaust  plume  Just  past  the 
exit  plane  of  the  motor.  Initially,  ancillary  equipment  was  fabricated  and 
Installed  to  allow  three  sequential  spectroscopic  measurements  to  be  teJten  at 
different  axial  locations  dxiring  the  firing  (Ref  3).  It  was  learned  from 
the  first  two  motor  firings  that  the  reference  light  source  when  coupled  to  the 
ancillary  equipment  was  of  insufficient  intensity  to  allow  determination  of  the 
plume  extinction  coefficient.  Upon  eliminating  a  portion  of  the  ancillary 
equipment,  successful  measurements  of  gas  end  particle  temperatures  were  obtained 
at  one  station  in  the  exhaust  plume  during  three  small-motor  tests.  Successful 
measurements  were  also  obtained  in  the  chamber  region  during  one  test. 

llie  light-scattering  measurements  in  the  rocket  motor  exhaust  plumes, 
which  were  conducted  to  isolate  cloud  scattering  properties,  were  not  completely 
successful  because  the  intense  emission  of  light  from  the  plume  obscured  the 
iscattered  radiance.  Howeve.  ,  good  light  extinction  measurements  resulted  from 
these  studies,  which  allowed  delineation  of  cloud  scattering  emd  absorption 
characteristics  in  a  manner  shown  in  the  text. 
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I,  B,  Summary  (coot.) 


The  exhaust  plume  measurements  indicated  that  a  large  amount  of  thermal 
energy  was  lost  from  the  system  in  the  form  of  molten  oxide  particles,  partic¬ 
ularly  during  the  last  portion  of  the  motor  firing.  It  was  observed  in  the  IM-2 
and  IHH-2  firings  that  the  "freeting  front"  (i.e.,  that  region  where  the  particles 
reach  their  freezing  temperature)  passed  downstream  of  the  exit  plane  at  some 
time  approximately  halfway  through  the  firing.  Hence  the  heat  of  fusion  of  the 
particles  made  essentially  no  contribution  to  the  motor  si>ecific  impulse.  The 
chamber  measurements  further  indicated  that  considerable  combustion  has  occurred 
downstream  of  the  grain  surface,  sooe^ere  between  the  plenum  (where  the 
measurements  were  made)  and  the  exit  plane.  This  is  corroborated  by  the  particle 
temperature  measurements.  Although  the  measurements  should  be  considered  as  pre¬ 
liminary  until  verified  by  further  tests,  they  definitely  help  clarify  the 
combustion-expansion  phenomena.  Further,  they  clearly  demonstrate  the  valuable 
utility  of  this  rieaturement  technique  in  investigating  propellant  combustion. 

From  the  knowledge  gained  during  the  present  effort,  earlier  measurement 
techniques  <diich  were  applicable  only  to  optically  thin  regions  have  been  improved 
to  allow  treatment  of  the  opticaUy  thick  case  which  is  normally  encountered  in  the 
chambers  and  plumes  of  large  motors.  It  is  now  evident  that  the  incorporation  of 
this  more  general  technique  into  the  present  system  will  permit  meaningful  awH  pre¬ 
cise  measurements  leading  to  a  more  complete  understanding  of  the  combustion  and 
expansion  phenomena  of  metalized  propellant  systons.  Ho  other  technique  has  demon¬ 
strated  meaningful  temperature  measurements  under  these  conditions. 

C.  TECHHICAL  APPROACH 

The  method  used  for  the  measwement  of  both  gas  and  particle  tempera¬ 
ture  is  the  spectral  comparison  method^^'.  which  has  been  used  in  various  forms  by 
other  investigators  (Ref  U  through  8),  This  method  uses  spectrometric  measurements 
of  radiation  intensity  from  the  flame  and  particles  to  determine  the  electronic  tem¬ 
perature  of  the  gas  and  the  thermal  lag  between  tie  gas  and  molten  particles. 

The  components  of  the  spectral  comparison  pyrometer  (SCP)  consists  of 
a  carbon-arc  lamp,  calibrated  against  a  tungsten  ribbon  lamp  (a  secondary  standard), 
associated  optics,  motorized  light  choppers,  a  spectral  dispersion  element,  and  a 
detection  scheme  arranged  in  a  manner  shown  in  Figure  1.  A  high-speed  sceuining 
spectrometer  is  used  to  provide  spectral  dispersion  and  detection. 


ID  Also  referred  to  as  the  "brightness-emissivity  method." 
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I,  C,  Technical  Approach  (cont.) 


A  beam  of  light  from  the  carbon-arc  reference  light  source  is  passed 
through  the  rocket  motor  flame,  yielding  a  continu\im  of  light  ^ich  is  focused  on 
the  dispersion  element  of  the  spectrometer.  This  continum  contains  light  from  the 
carbon-arc  lamp  and  the  condensed  species  in  the  flame  and  the  gas.  This  light  is 
resolved  into  its  separate  wavelength  constituents  by  the  dispersion  element.  At  a 
particuleu*  wavelength  isolated  from  all  possible  spectrum  lines,  a  spectral  radiance^ 
troa  the  continuum  is  determined  with  the  reference  light  source  both  on  and  off. 

The  first  reading  is,  of  course,  greater  because  of  the  light  from  the  lamp  being 
transmitted  through  the  flame.  The  difference  between  these  two  readings  is  indica¬ 
tive  of  the  radiation  absorbed  and  scattered  from  the  reference  source  beam  by  the 
particles,  from  which  the  absorptivity  and,  hence,  emissivity  of  the  particle  cloud 
are  obtained.  With  the  light  source  off,  the  measurement  of  radiance  from  the  parti¬ 
cle  cloud  together  with  the  value  for  emissivity  is  used  in  Planck's  radiation  law 
to  determine  particle  temperature. 

Additional  measurements  like  those  above  are  made  at  a  spectrum  line 
of  a  trace  element  in  the  gas,  such  as  sodium,  barium,  or  lithium.  With  the  lamp 
off,  the  recorded  radiance  is  that  of  both  the  particles  and  the  gas,  but  that 
contribution  from  the  particles,  having  already  been  measured,  allows  isolation 
of  the  radiemce  from  the  gas.  The  light  from  the  lamp  trsinsmltted  through  the  gas 
and  particle  cloud  at  the  trace  element  spectrum  line  is  attenuated  by  absoi*ption 
by  both  the  gas  and  particles.  The  attenuation  due  to  the  particles  can  be  estab¬ 
lished  with  the  previously  determined  values  of  particle  cloud  absorptivity  and 
reflectivity,  thus  allowing  the  calculation  of  gas  emissivity.  The  gas  tempera¬ 
ture  can  then  be  determined  from  the  values  of  gas  radiemce  and  emissivity,  again 
using  Planck'S  law.  A  detailed  treatment  of  this  method  is  shown  in  Ref  3. 

In  order  to  separate  the  effects  of  scattering  and  absorption  by  the 
particle  cloud,  either  a  knowledge  of  condensed  species  size  distribution  and 
refractive  index  is  necesseuy  or  further  measurements  on  the  cloud  eure  required. 

These  considerations  are  discussed  further  in  this  report. 


TTJ  Radiance  or  radiancy  is  the  radiant  flux  emitted  in  a  given  direction  per  unit 
solid  angle  per  unit  projected  area  of  the  emitting  surface.  In  this  case  the 
"surface"  is  at  the  plane  of  the  reference  source  image,  within  the  flame. 
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II. 

TECHHICAL  DISCUSSIOB 


A.  DESCRIPnOH  OP  APPARATUS 

The  design  features  of  the  apparatus  used  in  this  prograa  are  presented 
in  the  following  paragraphs. 

1.  Spectral  Con>arison  ftrroaeter 

nie  spectral  coiQ>arison  pyroaeter  is  built  around  a  Jarrell  Ash 
Model  82-010,  manual -drive  scanning  spectrometer.  The  instrument  has  been  modified 
to  scan  a  200A^'^'  range  at  a  frequency  of  at  least  100  cps,  allowing  a  meuuresmnt  of 
both  particle  and  gas  temperature  to  be  made  evexy  0.020  sec. 

nie  Intenial  optical  system  of  the  spectrometer  Is  shown  In 
Figure  2.  The  concave  mirror  has  a  300-ma  focal  length  SAd  a  diameter  of  1^0  mm. 

Ll^t  enters  the  entrance  slit  and  passes  to  the  l^O-m  concave  mirror  where  It  Is 
collimated  and  reflected  to  a  38-nm-square  planar  reflection  grating.  The  diffracted 
li^t  Is  reflected  back  to  the  mirror  where  it  Is  again  reflected  and  focused  on 
the  exit  slit,  nie  wavelength  of  the  lif^t  brou^t  to  the  exit  slit  Is  changed 
slsply  by  rotating  the  grating  about  Its  center.  The  grating  used  for  the  aeasiure- 
nents  on  rocket  motors  and  flames  has  30,000  grooves/in.,  and  is  blazed  for  $000  A^, 
This  grating  allows  dispersion  of  ll^t  In  the  3000  to  6000A^  range  with  C.05A^ 
resolution. 


The  scanning  arm  of  the  spectrometer  was  modified  to  achieve  the 
hif^  scanning  frequency  by  replacing  the  original  rigid  scanning  ana  with  an  articu¬ 
lated  useaibly,  rjcveiDent  of  the  articulated  assembly  is  induced  by  two  electro¬ 
magnetic  coils  that  are  excited  by  a  push-pull  aispllfler.  The  colls  alternately 
attract  and  repel  the  isovable  arm.  The  arm  can  be  driven  as  much  as  0.C$0  in.  at 
its  tip,  which  produces  a  spectral  scan  of  approximately  200A^  near  the  sodium 
doublet  $839A°.  A  manual  adjustsient  is  used  to  set  the  wavelength  around  which  the 
scan  is  centered.  For  most  of  the  measurements  the  scan  width  was  1$A°  with  the 
scan  centered  at  $890A°,  the  first  line  of  the  sodium  doublet. 

The  detector  used  in  the  spectrometer  is  an  RCA  1P21  multiplier 
phototube  located  at  the  Uo  micron  exit  slit  of  the  spectrometer.  This  phototube 
has  a  broad  spectral  sensitivity  curve  wd  an  excellent  time  response.  Radiation 
with  wavelengths  from  3000  to  7CiC0A°  can  be  detected  with  this  tube,  which  has 
maximum  sensitivity  at  UOOOA°.  The  signal  from  the  tube  is  as^llfled  with  a  Dana 
amplifier,  having  variable  gain  from  2  to  1000.  Output  from  the  amplifier  is  used 
to  drive  a  2$00-cp8  galvanometer  and  is  monitored  on  an  oscilloscope. 

The  primary  comparison  source  used  in  the  experimentation  is  a 
tvmgsten  ribbon  lamp,  which  also  serves  u  a  secondary  standard.  This  lamp  has  a 


(l)  10  angstroms  (A°)  b  1  micron  (y). 
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II,  A.  Description  of  Apparatus  (cont.) 


horizontal  tungsten-ribbon  filament,  1/8  in.  hi^  by  1/2  in.  vide.  The  tungsten- 
ribbon  lamp  can  be  used  without  damage  at  tes^eratures  to  2870®K  (U700®F).  However, 
if  the  laiq)  is  operated  at  this  temperatiire  for  ertended  periods ,  the  glass  envelope 
will  cloud  because  of  tungsten  vapor  deposition  on  the  inside.  A  regulated  dc  pover 
supply  provides  power  to  the  lamp  circuit  with  less  than  0.2^  ripple.  It  is  neces¬ 
sary  to  keep  the  ripple  at  this  low  value  so  that  fluctuations  in  teoperatxire  do  not 
confound  the  results. 

The  lamps  were  first  calibrated  by  measuring  brif^tness  ten^erature 
at  a  wavelength  of  0.65  u  with  a  hand-balanced  optical  pyrometer.  Having  this 
brlj^tness  temperature,  the  true  lanp  temperature  was  calculated  and  tised  with  tabu¬ 
lated  emisslvlty  values  to  generate  the  entire  radiance  curve  for  various  cvirrent 
settings . 


For  the  measurement  of  tenperature  in  gases  containing  large  par¬ 
ticle  concentrations  where  scattering  is  extreme,  a  conparison  source  of  hi^ 
intensity  is  required.  For  such  cases,  a  carbon  arc  is  used  because  it  provides  a 
radiance  approximately  13  times  that  of  the  tiingsten  ribbon  laap.  Intended  as  a 
microscope  illuminator,  the  machine  used  in  the  experimentation  uses  a  carbon 
feeding  system  that  automatically  strikes  and  feeds  the  arc. 

I^ically,  the  emlssivity  of  the  carbon  arc  is  very  high  (Ref  9), 
having  a  value  of  0.97  from  U200  to  6300A®  at  a  temperature  of  3900®K  (6550®F). 

The  image  of  the  crater  in  the  horizontal  electrode  (for  dc  operation,  the  positive 
electrode)  is  projected  in  the  flame  and  used  for  comparison.  A  brightness  tempera¬ 
ture  of  3700®K  at  0.65  u  was  measured  at  the  electrode  image,  with  the  equipment 
set  up  as  shown  in  Figure  1, 

As  was  mentioned  previously,  four  measurements  cure  necessary  to 
ascertain  the  temperature  of  both  the  gas  cmd  the  rarticles.  Two  measurements  are  made 
at  a  spectral  line  (arising  from  the  trace  element  in  equilibrium  with  the  gaa)  with 
and  without  the  comparison  source  radiation,  and  two  are  micuie  at  a  nei^borlng  wave¬ 
length  to  determine  the  liquid-  or  sclid-phase  temperature. 

The  scanning  arm  is  synchronized  with  the  intemption  of  the 
source  light  by  using  a  proximity  pickup  device  mounted  on  the  beam  chopping 
assemibly  of  the  reference  light  source.  This  synchronization  scheme  is  shown  in 
Figure  1,  The  reference  source  beam  is  chopped  for  1/2  cycle,  i.e.,  1/2  of  the 
complete  back-and- forth  sweep  of  the  grating.  The  phase-cuigle  between  the  scanning 
signal  cmd  the  chopping  frequency  can  be  altered  by  means  of  an  assembly  which 
rotates  -the  proximity  pickup  about  the  axis  of  the  chopper  blade. 

For  laboratory  meaaureoent,  the  flame  is  placed  in  the  object 
position  and  the  lenses  arranged  in  a  manner  such  that  the  image  of  the  comparison 
source  is  focused  at  a  point  in  the  flame.  The  laboratory  appcuratus  consisting  of 
the  carbon  arc,  choppers,  lenses,  and  spectrometer  is  shown  in  Figure  3. 
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II,  A,  Description  of  Apparatus  (cont.) 


Since  the  coiimition  time  of  the  test  rocket  motors  vas  limited 
to  about  1  sec  or  less,  automated  techniques  fcr  hi^-speed  spectral  measurement 
of  the  three  locations  and  one  reference  position  were  provided.  The  basic  apparatus 
is  the  same  as  that  used  for  the  laboratory  measurementa  but  hi(^-speed  optical 
switching  between  the  three  selected  measurement  locations  was  included  as  shown  in 
Figure  U.  This  system  was  revaBq>ed  after  the  first  two  motor  tests,  when  it  was 
learned  that  the  carbon  arc  source  beam  was  being  excessively  attenuated  by  the 
optical  switching  cosponents,  resulting  in  insufficient  precision  in  the  measure¬ 
ment  of  cloud  emissivlty. 

2.  Flames  and  Motors 


The  flame  source  used  in  the  laboratory  studies  consists  of  a  small 
hydrogen/oxygen  torch  into  idilch  alimina  pairticles  (about  0.1  y  dia)  are  injected  from  a 
fluidized  b  I  underneath,  ^drogen  gas  passes  from  a  small  rotameter  (9000  ml/min 
max.,  STP)  directly  to  the  gas  isixlng  chamber  below  the  exit  nozzle.  Oxygen  gas, 
after  passing  throu^  an  identical  flowseter,  is  split  into  two  streams,  one  of 
iriilch  passes  to  the  mixing  chamber.  The  other  stream  enters  at  the  bottom  of  the 
AI2O3  particle  injector,  well  below  the  level  of  the  particle  bed.  To  inject 
particles  into  the  flame,  a  mechanical  vibrator  ia  energized,  causing  vigorous 
stirring  of  the  particle  bed.  Gas  is  then  introduced  through  the  inlet  tube, 
causing  partial  fluidization  of  the  bed.  The  fluidized  particles  enter  the  plenum 
and  thence  flow  throu^^  the  mixing  chamber  into  the  flame.  Particle  number  density 
in  the  flame  is  sinqply  controlled  by  changing  the  ratio  of  flow  rates  of  the  two 
oxygen  streams.  The  system  vas  used  successfully,  vlth  the  particle  concentration 
remednlng  quite  steady  during  the  run.  Particle  mass  fraction  in  the  flame  of  up 
to  O.U  could  be  obtained  without  difficulty. 

To  determine  gas  tenqperature ,  a  trace  elexient  such  as  calcium, 
sodivuB,  barium  or  lithium  in  the  form  of  a  salt  is  injected  into  the  flame  ^ere 
it  is  ionized.  The  intensity  of  the  spectral  line  emitted  by  the  ions  is  measured. 

For  the  motor  tests,  only  sodium  was  used  as  a  trace  element,  and  because  this  element 
exists  as  em  Inrourity  in  most  propellant  raw  material,  no  external  injection  system 
W8I8  necessary.  A  wicking  arrangement  was  used  to  inject  the  trace  elements  into 
the  small  flame  euq)loyed  in  the  laboratory  tests.  The  wick,  fabricated  from  rolled 
eisbestos  cloth,  was  soaked  in  a  saturated  solution  of  the  trace  element  halide,  and 
then  was  dried.  The  wick  was  placed  around  the  gas  exit  of  the  hydrogen/oxygen  mixing 
chamber,  and  was  e3q)oaed  to  the  flame  to  cause  evaporation  of  the  salt.  To  gain 
the  maximum  concentration  of  trace  element  in  the  flaxie,  the  iodide  of  the  cation 
was  used,  since  this  groiq>  of  the  halides  normally  has  the  highest  vapor  pressure. 

The  motors  used  in  the  experiments  were  of  the  configuration  shown 
in  Figure  5,  vibich  also  shows  the  desi^  of  the  viewport  used  in  the  chamber 
measurements.  The  motors  were  filled  with  approximately  1  lb  of  propellant, 
and  developed  a  thrust  of  about  330  Ibf  at  a  chamber  pressure  of  700  psla.  Because 
of  the  cylindrical  grain  configuration,  the  chamber  pressure  increeised  monotonically 
during  a  firing,  from  approximately  UOO  to  700  psia. 
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Li^t  scattering  necmurenents  were  made  both  on  the  small  flames 
with  entrained  pcurtlcles  and  on  the  motor  exhaust  plumes  so  that  the  cloud 
reflectivity  could  be  determined.  The  detector  used  in  the  laboratory  experi¬ 
ments,  shovn  in  Figure  6,  consists  of  the  collimating  tube,  filter  holder,  image 
elements,  and  detector.  The  detector  assembly  is  sup^iorted  from  the  framework 
above  the  flame  and  can  be  rotated  around  the  flame  in  the  so-called  observation 
plane.  The  scattering  volume,  subtended  by  the  detectors ,  can  be  properly  defined 
through  the  ax>propriate  location  of  the  lenses  in  relation  to  the  image  elements 
(Figure  7).  A  polarizing  filter  in  the  detector  was  positioned  to  intercept  light 
in  either  the  I.  or  position  as  explained  in  the  section  on  "Experimental 
Studies."  For  the  jiotor  tests,  the  detectors  were  fixed  in  position  about  7  in. 
from  the  plume  center  line  at  angles  of  0®,  57.5®,  and  120.5®  to  the  incident 
light  beam. 


The  light  source  used  for  these  measurements  was  a  high-intensity 
water-cooled  BH-6  mercury  arc  lamp,  the  beam  from  which  was  focused  at  the  center 
of  the  flame  or  plume  at  the  posltlcn  of  the  scattering  volume. 

Light  striking  the  phototube  detectors  was  filtered  by  means  of  a 
narrow-band  interference  filter  centered  at  O.U36  p.  The  emf  recorded  from  the 
detectors  was  coupled  through  an  RC  network  to  an  amplifier  and  galvanometer. 

Because  the  reflected  light  from  the  mercury  arc  was  of  lower  intensity  than 
emission  fluctuations  from  the  plume,  the  recorded  emf  was  basically  of  an  erratic, 
random  character,  with  a  superimposed  120-cps  wave  representing  the  light  reflected 
from  the  mercuiy  arc  leap, 

B.  EXPERIMENTAL  STUDIES  ON  SMALL  FLAMES 

Spectroscopic  and  light  scattering  rr casurements  were  first  conducted  on 
small  H^/Op  flames  with  injected  alumina  particjes.  These  measureaients  were  con¬ 
ducted  to  develop  the  various  techniques  of  pho  tometric  meeisurement;  the  apparatus 
which  evolved  from  these  studies  has  been  described.  The  experiments  Included 
measurements  of  tenperature  mcMurement  precision  (random  error),  determination  of 
the  emission  properties  of  various  trace  elements,  and  determination  of  the  emission 
emd  scattering  properties  of  al’omina  particles.  These  studies  were  followed  by 
experiments  on  the  smedl  motors,  where  emission  EUid  light  scattering  measurements 
were  made  simultaneously. 


1.  Calibration  of  SCP 


/jv  The  primary  standeurds  used  to  establish  tenperature  were  a  carbon 
arc  standard'  ^  for  one  temperature  point  at  3803. 1®K  and  an  NBS  tungsten  ribbon  lanp 
standeurd  for  all  tenperatures  beloy-2800®K.  These  standards  were  enployed  to  cali¬ 
brate  a  portable  optical  pyrometer'*^ ^  which  was  used,  in  t\im,  to  measure  the  blrghtness 


TD  Mole-Richardson  I^e  2371  enclosed  air  arc.  The  tenperature  was  determined  by 
an  NBS-certified  standard  optical  pyrometer  at  0.653  p  wavelength. 

(2)  Leeds  and  Northrup  model  8622,  Serial  No,  1625126  (AGC). 
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II,  B,  Experimental  Studies  on  Small  Flames  (cont J 


temperature  of  the  reference  light  source  image  formed  by  the  lens  "2"  (see 
Figure  l)o  This  measurement  was  performed  repeatedly  during  the  detector-recorder 
calibration  and  again  just  before  a  rjn<. 

To  acconplish  the  calibration,  the  optical  scheme  is  arranged  as 
shown  in  Figure  1,  with  the  tungsten  ribbon  laiip  serving  as  a  reference  source. 

With  the  reference  source  as  its  highest .practicable  temperature  (=  lt200®F)  and  a 
voltage  of  900  v  across  the  phototube, the  adjustable  horizontal  entrance  slit 
of  the  spectrometer  was  opened  until  an  output  current  from  the  phototube  of 
9  microasp  was  measured.  (This  was  determined  previously  to  the  maximum  allow¬ 
able  anode  current  at  which  the  phototube  is  within  the  range  of  "linear"  operation, 
i . e . ,  yhere 


anode  current /voltage  divider  current 
ll^t  intensity 


constant  (Ref  10).) 


With  the  tube  voltage  held  constant  at  900  v,  the  reference 
source  teioperature  was  varied  from  approximately  2700  to  Ul00®F  with  the  spectro¬ 
meter  set  at  wavelength  values  of  O.U,  0.5,  0.6,  and  0.7  v.  The  emf  output  was 
monitored  and  recorded  on  oscillograph  traces,  and  the  ratio  of  emf  to  incident 
radiancy  was  generated  as  a  function  of  signal  level  and  wavelength.  The  data 
indicated  that  the  "tube  constant"  is  not  a  function  of  radiancy,  but  is  of  course, 
quite  strongly  dependent  on  the  wavelength  region.  It  was  found  that  a  rather 
large  variance  in  tube  constant  resulted  because  of  small  changes  in  line  voltage. 
This  condition  was  rectified  by  Installing  a  voltage  regulator  to  sipply  power  to 
the  reference  light  source  and  phototube  high-voltage  source. 

2.  Determination  of  Measurement  Precision 


The  precision  of  the  tenperature  measurements  is  determined  from 
the  source  variance,  i.e.,  that  variance  from  a  large  set  of  recorded  measurements 
of  radiance  from  the  tvmgsten  ribbon  lanp.  With  the  hydrogen/oxygen  flame  oper¬ 
ating,  a  measured  variance  in  flame  tenperature  larger  than  the  aforementioned 
source  variance  must  be  due  to  fluctuations  in  the  flame  tenperature  and  emissivlty 
during  the  run.  This  variance  is  termed  the  temperature  variance.  When  particles 
are  added  to  the  stream,  still  more  uncertainty  results  due  to  the  fluctuations 
in  particle  feed  rate  and  particle  tenperature;  the  resulting  variance  calculated 
from  the  latter  mea^iurements  is  termed  the  gross  temperature  veuriance.  The  last 
two  variances  are  cot  necessarily  indicative  of  precision,  but  only  represent  the 
tenperature  and  emissivity  fluctuations  during  a  measurement. 


(T) For  most  of  the  experimentation,  an  RCA  1P21  phototube  was  used  at  the  exit 

slit  of  the  spectrometer.  It  is  a  nine-stage  type,  having  a  radiant  sensitivity 
at  U000®A  of  78,000  amp/w  of  incident  radiation. 
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II,  B,  Experiatental  Studies  on  Smll  Flames  (cont.) 


From  Appendix  B  of  Ref  3,  the  relationship  hetveen  phototube 
constant,  output  emf  (inches  of  galTanosseter  deflection  in  this  case)  and  source 
teB|>erature  is  given  by 


K  Ey) 


e(X,.  T  )  T  ^  (Xj 
i  s  V  i 

5  r  ^2  ^ 

®ij  \  p 


(Eq  1) 


From  Eq  1,  the  source  teiq>erat*jre  is  given  by 


T 

s 


FTiSISZZZSI'i 

V  »i5  ] 


(Eq  2) 


Random  error  in  the  measuresient  of  any  temperature  vill  be  no 
smaller  thaui  that  associated  with  the  reference  source.  It  is  possible  to  assess 
the  magnitude  of  this  error  in  teiqperature  measurement  through  the  following 
approziBUition : 


2 

OT  m 
s 


3T  -  2  3T  -  2 

^  K,* 


^aK 


ij 


ij 


‘ae 


'''s.2  2 


/ _ 2  /  S\  2 

aXi  x^  aE^j 


(Eq  3) 


The  partiad  derivatives  were  determined  from  Eq  2  with 
measured  values  of  c,  Kj^.,  and  E^j.  The  variance  in  phototube  multiplication 
factor,  oK^j ,  was  determined  from  a  set  of  several  hundred  oscillogram  gedvanom- 
eter  deflections  at  veu-ious  tungsten  ribbon  lao^  bri^tness  temperatures.  The 
standard  deviation,  Og  ,  was  estimated  from  Ref  11;  o  was  considered  to  be  negli¬ 
gible  conpared  to  the  others;  and  E^j  was  determined  from  the  variation  in  galvanom¬ 
eter  deflection  when  a  constant  signal  was  introduced  to  the  recording  amplifier . 

The  resulting  source  variance  was  determined  to  be  a  T^  *  1*9  (®K)2  with  120  degrees 
of  freedom. (i)  This  represents  the  best  possible  precision  in  the  measured  tenperature . 


1.1)  See  footnote,  p. 
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11)  B)  Experimental  Studies  on  Snail  Flames  (cont.) 


An  estimate  of  the  tesperature  variance  vas  obtained  by  examining 
data  from  measurements  on  H2/O2  flames  containing  AI2O3  particles.  From  Appendix  A, 
the  particle  and  gas  temperature  are  represented  by  the  following; 


’ll*  ^ij*  “^S*  ^8*  h* 

(Eq  U) 

'22*  ^ij*  “^s*  ‘^s*  ^2* 

(Eq  5) 

The  measurements  of  T  and  T  taken  In  the  laboratory  were  reduced  using  a  conpvter 
program.  The  temperatvire  variance  and  gross  temperature  variance  were  cast  into 
the  form  of  Eq  3  In  tenns  of  the  variables  of  Eq  U  and  3 .  Partial  derivatives  were 
evaluated  simply  by  using  the  approximation 


3T^  AT, 

3  Xj  "  n,n  J  (Eq  6) 


vbere  small  changes  in  x  were  accomplished  by  change  in  input  to  the  conputer 
program.  Table  I  presents  some  typiccd  results  of  this  investigation. 


TABLE  I 

PRECISION  OF  FLAME  TEMPERATURE  MEASUREMENTS 
AT  TEMPERATURE  «  2600°K 


Std  Dev 

p,  ®K 

Degrees  of  Freedom 

Remarks 

16,5 

25 

Gas  ten^erature,  clean  gas 

U0,8 

50 

Gas  tenqjerature  with  particles 

l40 

50 

Particle  cloud 

From  many  separate  ejqperiments  on  flames  during  this  program,  it 
appears  t>  at  the  first  value  in  the  table  is  very  close  to  the  minimum  value  which 
can  be  obtained  in  a  measurement  of  this  typ...  The  second  figure  is  larger  because 
it  reflects  the  uncertainty  in  the  change  of  radiance  of  the  particle  cloud  from 
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II,  B,  Experimental  Studies  cn  Small  Flames  (cont.) 

(rfiere  it  is  measured)  to  Xg.  This  uncertainty  is  much  less  than  the  uncertainty 
in  cloud  emissivity'^^  which  causes  the  larger  standard  deviation  in  particle 
temperature . 


3.  Thermodynamic  Equilibrium  Studies 

These  e^qieriinents  were  conducted  to  explore  emd  assess  the  presence 
of  thermodynamic  disequilibrium  .1  a  flame.  Such  disequilibrium  can  cause  extraneous 
emission,  not  indicative  of  temperature,  caused  by  nonequipartition  of  energy  among 
the  translational,  vibrational,  rotational,  and  electronic  degrees  of  freedom. 

Since  the  spectral  con;>arlson  method  uses  the  measurement  of  electronic  teii;)erature 
to  determine  translational  temperature,  it  is  necessary  that  the  two  temperatures  be 
equal,  and  hence,  that  equilibrium  be  achieved. 

While  simultaneously  injecting  the  halides  of  barium  (spectrum 
line  -  0.553555  w),  cesium  (OoU55535  b).  lithium  (O.61O36U  y,  O.67078U  y),  and 
sodium  (0.588995  y,  0.589592  y,  doublet),  and  with  the  O2/H2  flame  burning  at 
several  constant  mixture  ratios,  measurements  of  intensities  of  the  severed 
spectrum  lines  were  made. 

Figure  8  presents  results  for  one  particular  mixture  ratio,  reduced 
from  the  gas  temperature  measurements  at  the  spectral  lines  which  were  studied. 

The  results  are  presented  in  such  a  manner  that  thermodynamic  equilibrium  (i.e.,  the 
equipartition  of  energy  among  the  various  energy  modes)  is  indicated  by  a  straight 
line  passing  from  the  origin  through  all  the  points.  The  best  estimate  of  flame 
ten^jerature  from  the  slope  is  2535®K.  Scatter  in  the  measiirements  is  indicated  at 
both  lines  of  the  sodium  doublet  and  the  lithium  line  at  0.6707y.  This  scatter 
is  predominantly  a  result  of  the  temperature  fluctuations  of  the  flame  during  the 
run,  but  is  not  extensive;  roost  of  the  data  falls  on  the  stredght  line.  It  was 
concluded  from  the  approximately  500  measurements  at  six  mixtiire  ratios 
that  the  "D"  lines  of  sodium  and  the  line  of  lithium  at  0.6706y  are  indicative  of 
equilibrium  temperat\ire  in  a  gas  at  a  pressiire  of  one  atmosphere  and  above.  The 
departure  of  the  cesium  data  from  the  line  could  be  an  indication  of  diseauilibriian, 
since  the  radiative  lifetime  of  cesium  is  extremely  short  (<  l''-8  sec). 

Measurements  made  on  the  0.6ly  line  of  lithium  euid  the  0.535b 
line  of  barium  Indicated  extremely  low  spectral  radiance  from  these  transitions  and 
resulted  in  a  prohibitively  low  si gnal-to- noise  ratio.  Potassium  (0,776U91b)  was 
also  examined,  bu  a  low  signal-to-nolse  ratio  resulted  because  of  the  low  sensitivity 
of  the  RCA  1P21  .  this  spectrsd  region. 


TT)  For  an  optically  thin  cloud,  the  emissivity  of  the  particles  is  given  by  the 

term  (lo-exp(-j|  y  t)),  where  y  ,  the  particle  absorption  cross  section,  is  nearly 
proi>ortional  to  n^,  the  imaginary  part  of  the  refractive  index  of  alumina.  The 
relatively  large  standard  deviation  in  particle  temperature  is  principally  due 
to  uncertainty  in  n'.  The  measurement  of  n'  and  its  xmcertainty  are  discussed 
below  in  a  separate  section. 
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II,  B,  Experimental  Studies  on  Small  Flames  (cont.) 


Self-absorption  of  the  lithium  line  at  0*6708u  was  observed  during 
some  of  the  experiments,  which  renders  lithium  undesirable  as  a  trace  element  under 
certain  circumstances. 

Light  Scattering  Studies 

The  radiation  scattered  from  particles  in  two-phase  flow  must  be 
treated  in  the  determination  of  gas  euid  particle  temperature.  "Hiis  is  done  by 
making  optical  measurements  of  scattered  light  intensities  simultaneously  with  the 
spectroscopic  reasurements .  These  scattering  measurements  are  used  to  determine 
the  effective  particle  size  distribution  and  number  density(^)  from  the  Mie  scattering 
theory/ which  together  with  a  knowledge  of  the  particle  refractive  index,  allows 
calculation  of  particle  cloud  emissivity. 

The  following  experiments  were  conducted  to  refine  the  experi¬ 
mental  technique  for  the  optical  determination  of  particle  size  distribution  and 
number  density  so  that  the  method  could  be  used  with  confidence  on  the  motor 
tests.  The  apparatus  consisted  of  the  scattering  detector,  mounted  to  swivel  in 
a  vertical  plane  through  the  flame,  a  carbon  arc  lamp,  a  mercury  arc  lamp,  the 
O2/H2  flame,  and  an  AI2C3  particle  injector.  A  commercial  grade  of  AI2O3  powder  was 
purchased  for  these  runs  with  particle  sizes  close  to  that  encountered  lu  a  rocket 
motor  exhaust  plume.  The  particle  diameters  in  a  sample  of  this  powder  ranged  from 
0.05g  to  15v,  with  the  peak  concentration  at  approximately  O.ly. 

Meaningful  measurements  were  obtained  by  using  a  mercury  arc  lamp 
and  a  monochromatic  filter  on  the  scattering  detectors  of  O.L36|j,  the  wavelength  at 
which  the  intensity  of  the  mercury  arc  lamp  is  a  maximum.  Measurements  made  under 
these  conditions  gave  excellent  difl '?rentiation  of  the  scattered  light  from  that 
due  to  radiant  emission  of  the  particles.  Since  the  mercury  arc  lamp  operates  on 
ac  current,  the  reflected  light  pulse  is  a  120  cps  sine  wave,  impressed  upon  a 
randomly  fluctuating  dc  level  from  the  particle  emission.  The  resulting  signal 
from  the  phototube  was  amplified  and  displayed  on  an  oscillograph  recording.  The 
amplified  signal  also  passed  through  a  capacitive-coupled  network  to  a  thermocouple- 
type  detector,  the  output  of  vrtiich  was  recorded  on  a  strip  chart.  The  two  outputs 
represented  peak-to-peak  ac  values  and  an  integrated  rms  value,  respectively,  which 
together  facilitated  highly  accurate  data  reduction. 


(1)  In  the  motor  tests,  a  precise  determination  of  particle  number  density  was  not 
possible  because  of  imprecision  in  the  light-scattering  measurements.  As  is 
shown  in  Appendix  A,  light-extinction  measurements  at  two  wavelengths  can  serve 
.just  as  well,  provided  that  particle  mass  fraction  is  known.  Where  this  is 
unknown,  additional  light-extinction  measurements  can  be  used. 

(2)  This  theory,  attributed  to  G.  Mie,  first  appeared  in  1908  (Ref:  Ann.  Physik  2^, 
(1906)  377),  and  presents  the  solution  to  the  generalized  Maxwell  equations  for 
the  propagation  of  electrcxnagnetic  waves  from  a  sphe.’ical  boundary  between  two 
regions  having  different  refractive  index.  The  determination  of  scattering 
properties  is  described  in  Appendix  B 
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II,  B,  Experioental  Studies  on  Snail  Flames  (cont.) 


Meaisurenents  of  reflected  radiance  were  made  at  angles  to  the 
incident  beam  of  10®  to  65®,  110®  to  170®  in  increments  of  5®,  with  the  reflected 
li^t  polarized  pcirallel  (Iq^)  and  perpendicular  (I2)  to  the  plane  of  observation 
(Figure  9).  Runs  were  made  at  two  O2/H2  mixture  ratios  and  at  different  particle 
concentrations . 


The  results  cf  the  scattering  measurements  are  plotted  in  Figures  10 
and  11,  where  the  measured  and  predicted  values  of  the  intensity  functions  i^^  and  i2 
have  been  normalized  to  the  values  at  30®,  for  easy  reference  to  the  incident  light 
intensity  which  was  measured  at  this  angle. The  measurement  of  incident  light 
intensity  was  accomplished  before  a  run  with  a  blt^ck  glass  plate(2)  which  was  inserted 
at  the  position  of  lue  flame  and  rotated  to  reflect  the  incident  light  beam  directly 
into  the  collimating  tube  of  the  scattering  detector. 

Predicted  values  of  ij  and  I2  ere  given  in  Figures  10  and  11  for 
the  size  distribution  of  particles  collected  during  a  run  (distribution  b)  and 
examined  with  an  electron  microscope.  The  other  curves  (distributions  a,  c,  and  d) 
are  hypothetical,  having  the  same  shape  but  different  median  pfurticle  size  (see 
Figure  12).  These  curves  show  systematically  the  differences  which  appear  on  the 
generated  scattering  curves  of  ii(0),  and  12(0).  Clearly,  the  differences  in  the 
shape  of  the  generated  curves  of  ij^  and  i2  between  the  four  distributions  are  not 
great  enou^  to  allow  determixiation  of  the  correct  size  distribution  from  these 
measurements  alone. 

The  measured  and  calculated  variables  for  the  experimented  scatter¬ 
ing  data  presented  in  Figures  10  and  11  eure  tabulated  in  Table  II.  The  striking 
agreement  between  the  values  for  peurticle  number  density  that  were  cedcidated  using 
the  li^t  scattering  measurements  and  the  mass  flow  rates  is  a  strong  indication 
that  Distribution  b  is  indeed  the  correct  distribution  for  the  particles  in  the 
flame.  It  was  concluded  from  these  measurements  that  the  light  scattering  technique 


(1)  The  intensity  functions  13^(0)  are  related  to  the  measured  polarized  lights 
intensities  13^(0),  12(0)  and  the  incident  light  intensities  Iq-j^,  I02  through  a 
relation  of  the  form 

i.(0)  I_.  i.(0)  1,(0) 

^1'^'  '  K  2  2  ’  i  (30®)  ■  1,(30®)^ 

4TT  r  11 

where  r  is  the  distance  from  the  scattering  volume  to  the  detector  and  V  is  the 
scattering  volume  (see  Figure  7).  For  a  through  explanation  of  i, ,  i*,  lee 
Erickson  (Ref  12).  ^ 

(2)  Pittsburgh  Plate  Glass  Co.,  "Carrara"  black  glass.  This  method  was  originally 
used  by  Erickson  (Ref  12). 
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II,  B,  Experiaental  Studies  on  Skiall  Flaaes  (coot.) 


could  be  used  to  aake  aeanlngful  Deasurenents  of  particle  nunber  density  in  the 
motor  tests  but  some  other  means  would  hare  to  be  found  to  determine  mean  particle 
diameter.  As  is  shown  later,  light  extinction  measurements  were  used  to  allow 
determination  of  mean  particle  diameter.  Because  of  the  optical  depth  of  the 
particle  cloud  in  the  motor  tests,  the  scattering  measurements  were  not  successful, 
and  particle  number  density  was  calculated  from  the  metal  oxide  mass  fi'action. 


TABLE  II 


MEASURED  AHD  CALCULATED  VARIABLES 

IM  SCATTERIHG  EXPERIMEHT 

Flow  rates  during  Run  2 

Oxygen  0.0375  gn/sec 

Hydrogen  0.0336  gm/sec 

AlgO^  0.00308  gm/sec  (avg  over 

run) 

Sizes  and  distances 

V  (scattering  volume)  at  90° 

8 

6.58  X  10“^  cm^ 

r  (distance  frcan  S.V.  to  detector) 

16  cm 

X  (wavelength) 

O.U36y 

A  (area  of  incident  beam) 

0 

p 

O.OU6  cm 

A  (area  of  beam  at  detector) 
s 

6.57  cm^ 

other  pertinent  data 

13^(135®) 

0.035 

Distribution  b. 

13^(150®) 

0.061*  Figure  12 

Pp3^  (reference  black  glass,  15°) 

0.0519 

Pp3^  (reference  black  glass,  22.5°) 

0.0568 

Calculated  number  density  of  particles 

Sf  (from  scattering  data) 

1.005  X  10^  cm“^ 

Sf  (from  mass  flow  rates) 

0.961*  X  10^  cm“^ 
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II,  B,  Expcrlaental  Studies  on  Small  Flames  (cont.) 


5.  Determination  of  Refractive  Index  of  Alumina 

To  relate  particle  temperature  to  the  continuum  emission  of  the 
particle  clo\id  and  to  determine  the  effect  on  these  measurements  of  scattering  hy 
the  particles,  a  knowledge  of  the  refractive  index  of  the  condensed  phase  is 
required.  The  refractive  index  is  a  complex  number,  i.e., 

m  s  n  -  n'i 

idiere  n  is  a  measure  of  the  change  in  the  speed  of  light  in  the  medium  (in  this 
case,  Al203(i))  relative  to  the  value  in  the  surrounding  medium,  and  n'  is  related 
to  the  absorption  or  attenuation  of  the  light  beam  in  the  medium.  Absorption  in 
the  medium  can  be  described  through  the  relation 


where  y  is  the  usual  absorption  coefficient  and  t  is  tne  thickness  of  the  medium. 

It  can  be  readily  shown  that  n*  is  related  to  the  absorption  coefficient  in  the 
medium  by  the  following: 

Y  =  2n'k  -  (Eq  7) 

For  a  system  of  scatterers  it  can  be  shown  (alv'’.hv’iugh  not  so  readily)  that  the 
absorption  cross  section,  y  ,  used  to  determine  the  emissivity  of  the  particle 
cloud  by  ® 

Cp  *  1  -  e”^^a^  (Eq  8) 

is  approximately  directly  proportional  to  n',  i.e., 

Y„  a  n'  (Eq  9) 

cl 

From  the  above  it  is  obvious  that  in  order  to  obtain  accuracy  in  the  determination 
of  particle  emissivity  (and  hence  temperat\u:e ) ,  n'  must  be  known  to  within  reason¬ 
able  limits. 


Data  obtained  from  Gryvnak  and  Burch  (Ref  13)  indicate  that  a 
value  of  Y  =  1  mm“l  is  likely  at  the  melting  temperature,  where  they  observed  a 
sharp  increase  in  the  alumina  emittance.  Unfortunately  they  could  not  measure  the 
thickness  of  the  molten  sample,  and  hence,  could  not  determine  y  to  a  reasonable 
precision.  However,  using  the  value  of  y  =  1  mm"^ 


n'  =  =  0.00008  at  ly 
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II,  Fj,  Experimental  Studies  on  Small  Flames  (cont.) 


Table  III  indicates  the  dependence  of  Tp  on  n* ,  using  the  data  from 
a  motor  firing.  ‘Qiis  table  was  generated  by  calculating^an  absorption  cross  section, 
Y^,  for  each  given  value  of  n'.  The  corresponding  cloud  emissivity  was  then  obtained 
from  Eq  8,  and  the  calculation  of  particle  tenperature  followed  as  shown  in 
Appendix  A  for  the  optically  thin  case. 

TABLE  III 

PARTICLE  TEMPERATURE,  DETERMIHED  FROM  SPECTROSCOPIC 
MEASUREMEKTS— DEPENDENCE  ON  n* 

m  *  1.799  -  n'i  (Ref  lU) 


1  sec)'^^ 

T  (.7  sec)^^^ 

P  OK 

n* 

3662 

3805 

0.0005 

3332 

31*53 

0.001 

280U 

2899 

0.005 

If  the  values  presented  in  Table  III  were  the  only  measurements 
of  temperature  available  to  us,  we  would  suspect  that  n*  ^0.001,  since  for  values 
of  n'  less  than  0.001, the  temperatures  determined  from  the  spectral  measurements 
are  much  hi^er  than  the  theoretical  values  for  an  isentropic  expansion. 

Fortunately  there  are  other  measurements  on  AI2O3  particle  cloud 
emission  which  can  be  used.  These  were  obtained  on  a  H2/O2  flame  into  which  AI2O3 
particles  were  injected  at  temperatures  from  2600  to  3000®K.  Particle  absorption 
cross  sections  were  determined  from  emissivity  measurements,  and  are  presented  in 
Table  IV,  together  with  cross  sections  calculated  from  the  Mie  theory  for  various 
values  of  n* .  The  same  treatment  was  given  to  the  data  of  Carlson  and  DuPuis 
(Ref  15);  these  values  are  shown  in  Table  VI. 

The  results  of  Carlson  and  DuPuis  agree  with  those  of  this  report 
to  within  the  uncertainty  in  all  the  measurements  of  both  studies.  From  the  data 
of  both  Tables  IV  and  VI  the  best  value  of  n’  appears  to  be  ^0.005  for  the  range 
of  variables  used  in  this  study.  The  recommended  complex  reftactive  in4ex  of 
alumina  is  therefore  given  by  ■ 

m  =  1.799  -  0.0P5i  (T  >  melting  point  of  AlgO^,  X  »0.6  p) 


Time  refers  to  elapsed  time  from  start  of  firing, 
at  the  exit  plane  of  the  rocket  motor  nozzle. 


Measurements  were  made 
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II,  B,  Experiaental  Studies  on  Ssall  Planes  (cont.) 


TABLE  IV 


Run 


3 

U 

5 


DETERMIIIAnOI  OF  n*  FOR  MOLTEN  ALUMINA,  OBTAINED  FROM 
EXPERIMENTS  ON  FLAMES  CONTAINING  PARTICLES 


CcLLculated  Y  ,  Mie  Scattering  Theory 
& 


(1* 


.588p) 


0.0001 

0.0005 

0.001 

0.005 

0.01 

Measured  y 


1.1508  X  10"|^cm^ 

5.7U35  X  lort^ 

1.11*6  X  10"^| 

5.623  X  10"f-f 

1.099  X  lO"-^ 


Y^(A> 


0.558y) 


Exx>erimentB  on 

(3) 


Flames 


(2) 


-12  2 

7.2  X  10 
3.9  X  10 

6.5  X  lO’J" 

8.5  X  10^2 

7.6  X  10’^2 


T  (®K) 
_fi_ _ 


2685 

2466 

2750 

2885 

2700 


n*  (by  interpolation) 

0.0079 

0.0043 

0.0072 

0.0094 

0.0084 


avg  n'  » 


0.0074  +0.0019  {2500-2900®K)^^^ 


TABLE  V 


PARTICLE  SIZE  DISTRIBUTION  USED  IN  DETERMIHIHG  Y  .  TABLE  IV 

a* 

D(micron)  f(D)(unnorinalized) 


0.0950 

0.5440 

0.1900 

0.1270 

0.2850 

0.0288 

0.3800 

0.0200 

0.4750 

0.0144 

(1)  Conditions  on  particle  size  distribution  shovn  in  Table  V. 

(2)  Y  determined  from  measured  emlttance  by  using  Eq  1  of  the  appendix,  which 
it  true  for  optically  thin  regions.  The  value  of  N  used  in  the  computation 
was  determined  as  shovn  in  Table  V. 

(3)  Measured  during  run  with  Spectral  Comparison  Method. 

—12 

(4)  Standard  deviation  on  measured  y  *  0.5  x  10  for  25  to  30  degrees  of  freedom. 

a 
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Humber  density  of  particles  used  In  Table  IV  computed  from 


[p  X  ♦  o^d-x)]  V 


with  7  »  2.901  X  10  cm  /particle,  p  Is  determined  from  coiq>uter  routine  at  mix¬ 
ture  ratio  used  In  run  and  from  measurid  teiq>erature;  x  determined  from  weight 
balance  on  particles  before  and  after  run,  measured  flow  rates  of  gas;  Is  deter¬ 
mined  from  data  of  Kirshenbaum  (Ref  l6). 


TABLE  VI 


DETERMEHATION  OF  n*  MOLTEN  ALUMINA,  OBTAINED  FROM 
MEASUREMENTS  OF  CARLSON  (Ref  13) 


Calculated  y  , 
a* 


Mie  Scattering  Theory 


(1) 


n* 

X  «  1.3w  ^ 

■' ' 

0.00005 

l.U  X  10"^^ 

0.0001 

1.1*75  X  lOrJ 

0.0005 

7.19  X  107'^ 

0.001 

1.1*3  X  107 

0.005 

6.95  X  10‘^ 

Measured  y  , 
a 

determined  from 

Y^(all  X) 

T(®K) 

l.Tu 


cm  h.T  X  10”^  rn^ 

.0  8.336  X  l(fAl 

»*.15  X  107° 

8.32  X  10  Q 

J*.01  X  10"^ 
_ .J2) 


n*  (by  Interpolation) 


1.91*  X  iori°cm^ 

2  71*  X  10^° 

6.3  X  10  q 

2320 

0.000181 

21*00 

0.000258 

2600 

0.000595 

i.65  X  107 

2800 

0.00155 

3.33  X  10"^ 

3000 

0.00326 

6.  Conclusions 


The  following  conclusions  could  be  drawn  from  the  laboratory  experi¬ 
ments  reported  herein: 

(1)  The  tes^erature  of  the  H2/O2  flame  at  various  mixture  ratios 
can  be  measured-ln  the  presence  of  particles  with  a  precision  chsuracterlzed  at  3000°K 

(1)  Conditions  on  particle  size  distribution  from  Figure  3  (Ref  15). 

(2)  Calculations  shown  in  (Ref  17).  Ehiittance  values  obtained  by  averaging 
points  above  2320®  in  Figure  12  (Ref  15). 
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by  a  standard  deviation  of  approximately  U0®K  with  about  15  degrees  of  freedom.  This 
is  better  precision  than  was  originally  anticipated  for  the  spectral  comparison  method. 
It  represents  considerably  better  precision  than  any  results  previously  reported  in 
the  available  literature  using  similar  methods  for  tenperatiire  measurement. 

(2)  Temperature  measurements  using  various  trace  elements  in  a 
H2/O2  flame  indicate  that,  at  pressures  of  one  atmosphere  and  higher  in  regions  not 
far  removed  from  a  combustion  zone,  the  element  sodlisn  is  in  thenoodynamic  equlllbrlisn 
with  the  gas.  Furthermore,  for  various  other  reasons  which  were  previously  presented, 
sodium  is  the  most  desirable  trace  element  for  use  in  this  program. 

(3)  Scattered  light  intensity  measurements  were  made  in  a  H2/O2 
flame  seeded  with  AI2O3  particles,  and  were  described.  A  sample  of  AI2O3  particles 
was  analyzed  \yy  photomicrography,  and  the  measured  distribution  was  used  to  generate 
a  series  of  scattering  diagrams,  (m,  8,  o)  and  ig  (m,  6,  o).  The  light  scattering 
measurements  on  this  same  sample,  seeded  in  the  flame,  showed  good  agreement  with 
the  predicted  diagrams.  Furthermore,  the  particle  number  density  determined  from 
the  scattering  measiirements  agreed  very  closely  with  that  which  was  calculated  from 

a  mass  balance  on  the  injected  particles.  These  two  checks  seemed  to  verify  the 
accuracy  of  the  method  and  Indicated  that  no  large  biases  were  present  in  the  light- 
scattering  measurements. 

(U)  Ihe  refractive  index  of  alumina  above  the  melting  tenq>erature 
was  determined  from  measurements  taken  in  this  investigation  and  others  (Ref  15) • 

The  recomnended  value  for  refractive  index  is  m  =  1.799  -  0.500i  at  2320®K  <  T  < 
2800®K,  0.5w  <  X  <  1.5u. 

C.  EXPERIMENTAL  STUDIES  OK  SMALL  ROCKET  MOTORS 
1.  Summary  of  Test  Program 

To  accomplish  the  stated  objectives,  nine  motor  tests  were  planned. 
The  motor  testing  program  was  condiicted  in  three  separate  phases,  distinguished  by  the 
type  of  metalized  solid  propellant.  The  properties  of  the  solid  propel-ants  used 
in  all  tests  are  presented  in  Appendix  C. 

Initially,  it  wgis  pleuined  that  the  first  phase  would  consist  of 
three  lKS-250  motor  tests  with  an  alisninized  propellant  (ANP  2969,  Appendix  C), 
with  teiiq>eratures  measured  both  in  the  chamber  and  at  two  stations  in  the  exhaust 
plume.  The  required  ancillary  equipment  to  accomplish  the  simultaneous  measure¬ 
ments  was  developed  concurrent  with  the  laboratory  development  of  the  temperature 
measurement  technique,  and  utilized  in  the  first  two  motor  tests  conducted.  From 
the  data  of  these  two  tests,  it  became  obvious  that  the  intensity  of  the  carbon 
arc  llgh':  source  was  being  attenuated  to  a  value  which  resulted  in  Insufficient 
precision  in  the  measurement  of  paurticle  cloud  emisslvity.  Hence,  the  third  test 
was  conducted,  with  RPL  concurrence,  hy  eliminating  a  portion  of  the  ancillary 
equipment  and  moving  the  carbon  arc  to  a  position  approximately  12  in.  from  the 
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plume  center  line  The  reference  light  source  beam  penetrated  the  plume,  and  radi¬ 
ance  measurements  were  obtained.  However,  because  of  a  malfunction  of  an  electrical 
component  in  the  spectrometer,  poor  precision  was  realized,  said  a  fourth  test  using 
the  aluminized  propellant  was  conducted  before  moving  into  the  LM-2  propellant 
fANP  2991  lA,  Appendix  C)  motor  tests.  This  fourth  test  was  completely 
successful.  Motor  thrust,  chamber  pressure,  exhaust  gas  temperature,  exhaust  peir- 
ticle  temperature,  and  light  scattering  measurements  were  obtained. 

In  the  second  phase  of  this  program,  three  tests  of  an  Ui-2  pro¬ 
pellant  were  planned,  followed  by  three  tests  with  LW-2  type  propellants  (AHP  3130, 
Appendix  C)  in  Phase  III,  However,  ^en  it  became  necessary  to  conduct  a  fourth 
aluminized  propellant  test,  the  scope  of  Phase  II  was  reduced  to  two  tests.  In 
addition,  it  was  felt  most  desirable  to  obtain  early  knowledge  of  the  problems  to 
be  faced  with  the  LMH-2  type  propellants;  hence,  the  fifth  test  was  conducted  with 
this  propellant  Instead  of  the  Phase  II  propellsmt,  Iil-2. 

In  addition  to  the  normal  measurements  of  chamber  pressure  and 
motor  thrust  which  were  obtained  on  the  fifth  test,  measxurements  of  spectral  radiance, 
light  extinct ion, and  optical  scattering  were  attempted  in  the  chamber  of  this  motor 
to  allow  determination  of  gas  and  particle  temperatures  in  that  region.  These 
optical  measurements  were  unsuccessful  because  of  the  extreme  optical  depth  within 
the  chamber  and  what  appeared  to  be  extreme  viewport  erosion.  The  high  mass  fraction 
of  particles  which  results  from  this  propellant  (LMH-2)  prevented  successful  light¬ 
scattering  measurements  in  the  exhaust  plume  during  this  test. 

Following  the  fifth  test  on  the  LMH-2  propellant,  and  with  RPL  con¬ 
currence,  some  effort  was  expended  in  the  development  of  a  more  intense  reference 
light  source,  utilizing  a  xenon  flash  lamp  and  power  supply  furnished  by  RPL.  It 
was  decided  that  the  available  power  supply  and  triggering  system  was  not  adequate 
and  would  require  extensive  modification  in  order  to  serve  as  a  repetitive  flash 
lamp  system  The  flash  lamp  studies  were  substituted  for  one  motor  test  to  prevent 
an  extension  of  the  program  scope. 

The  sixth  test  was  conducted  using  an  LM-2  type  propellant,  and 
spectroscopic  measurements  of  continuum  emission  from  the  particle  cloud  and 
spectrum  line  emission  from  the  gas  were  made  in  the  motor  chamber  region,  eigain 
using  optical  viewports  installed  in  a  plenum  Just  downstream  of  the  end  of  the 
grain.  Erosion  of  the  viewports  was  not  a  problem  as  it  had  been  with  the  LMH-2 
propellant.,  Light  scattering  measurements  were  made  in  the  exhaust  plume  as  in  test 
number  five.  Particle  and  gas  temperatures  were  determined  successfully  from  the 
chamber  measurements,  using  the  "optically  thick"  analysis  described  in  Appendix  A. 

The  last  two  tests  of  the  program  were  conducted  with  each  of  the 
two  propellants,  LM-2  and  LMH-2.  Spectroscopic  measurements  were  tsdcen  in  the 
exhaust  plume  and  scattering  measurements  were  attempted  in  the  chamber  using  the 
viewport  arrangement  previously  described.  A  successful  determination  of  gas  and 
particle  temperatures  in  the  plume  resulted.  The  light  scattering  studies  in  the 
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chanber  were  inconclusive,  again  because  of  extreme  optical  depth.  A  detailed 
description  of  the  results  and  method  follows.  A  simanary  of  motor  test  conditions 
and  results  is  given  in  Table  VII. 

2.  Motor  Test  Results 


a.  Component  Evaluation 

A  detailed  description  of  the  anclUaiy  equipment  is  pr«‘Rented 
in  Appendix  D.  IMs  Appendix  edso  contains  a  complete  description  of  the  optical 
viewport  construction,  test  fixture,  and  motor  construction.  Compositions  for  the 
three  propellants  used  (Aluminum,  L^2,  LMH-2)  are  shown  in  Appendix  C.  Figures  13 
through  l8  show  the  test  hardware  used  in  the  el^t  motor  tests. 

Postfiring  Inspection  of  the  motor  hardware  from  the  first 
two  tests  revealed  that  the  ATJ  graphite  throat  inserts  were  slightly  eroded  in  the 
throat  vicinity.  Further,  a  thin  film  of  aluminum  oxide  was  obnerved  on  the  nozzle 
exit  cone.  The  complete  aft-closure  assembly,  \dilch  Includes  Insulators,  graphite 
throat  Inserts  and  steel  closures,  was  in  excellent  condition  after  firing.  It  was 
decided  to  reuse  the  complete  assembly  from  the  second  test  on  the  third  and  again 
on  the  fourth  motor  test  with  the  aluminized  propellant.  A  view  of  the  assembly 
looking  aft  from  the  chamber  plenum  is  shown  in  Figure  19  with  optical  viewports 
Installed.  Ihe  picture  was  taken  after  the  first  test  with  this  assembly  (motor 
test  No.  2). 


It  can  be  seen  from  Figures  19  and  20  that  the  optical 
viewport  assembly  tips  (adjusting  seat)  were  slightly  melted.  This  problem  was 
solved  by  flame-spraying  the  AISI  1010  steel  adjusting-seats  with  Roklde  Z 
(zlrconl\un  oxide)  for  the  third  motor  test.  A  postfiring  inspection  showed  that 
the  flame-sprayed  probe  tips  did  not  melt  or  erode.  Hence,  all  the  probe  tips  for 
the  remaining  motor  tests  were  flame-sprayed  with  Roklde  Z.  Soot  observed  on  the 
transparent  windows  after  firing  was  attributed  to  the  propellemt  liner  charring 
due  to  residual  heat  In  the  chamber  after  the  propellemt  had  been  consumed. 

To  verify  this  thesis,  window  tremsmisslvlty  measurements 
were  taken  on  the  fourth  motor  test,  which  showed  that  the  windows  remained  reason¬ 
ably  clear  throughout  the  firing.  A  reliable  measurement  of  the  time  change  of 
window  tremsmissivity,  varying  from  0.3  to  O.U,  was  obtained. 

The  eift  closures  used  on  motor  tests  with  the  IiM-2  wd  LMH-2 
also  performed  satisfactorily,  although  it  was  found  that  in  Motor  Test  ^ 

(BH-006),  the  probe  tips  were  severely  attacked  with  w  extensive  loss  in  trans¬ 
missivity.  Figures  21  and  22  show  the  post-fire  views  of  these  aft  closurea. 

Table  VIII  presents  the  prefiring  and  postfiring  throat  areas  for  all  nozzles 
tested. 
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TABLE  VII 


SUMMARY  TABLE  OF  lKS-250  MOTOR  TEST  CCHTITICWS  AMD  RESULTS 


Motor  TmI  Bo. 

TmI  SorlM: 

1 

2 

3 

A 

5 

6 

7 

8 

PT-ZZ-01S>M 

001 

002 

003 

005 

006 

007 

ooa 

009 

PropoUaot  Bo. 

Air  2969 

AlP  2969 

AMt  2969 

ABP  2969 

ABP  3130 

ABP  2991 

ABP  3130 

ABP  2991 

N»U1  l^rodloBt 

A1 

A1 

U 

A1 

um 

1M2 

11012 

US 

Moot.  Fooltloa 

t  Statlooa 

A  StatloM 

A/A*  .  9.Tk 

A/A«  -  9.TA 

niMtior 

Chnbmr 

A/A*  •  8.6-10.5 

A/A*  •  U-12.5 

Top.  Mom.  Romlto 

Beattorlof  Maaa. 

,^,(1) 

^(i) 

toi*  a 

Hcnra  31 

«.'*> 

TaUa  n 

Plfttr*  33 

Pi«nr«  32 

Boaltloa 

A/A»  •  6.fc.U3 

A/A.*  •  £.t-U.3 

A/A*  •  6.k.U.3 

A/A»  •  6.;.U.3 

A/A*  .  T.9J.9 

A/A*  •  10.5*U.6 

Chaabor 

Otaabor 

Seattorlac  Hoaa. 
lUottlta 

-  .(3) 

rifun  3k 
rifon  36 

ft 

(k) 

Plgvra  AO 

Bwbor  Noas^^Lt 
FartSeU  81m'  ^ 

0.T5* 

0.60* 

0.96. 

0.60 

- 

- 

0.63* 

0.36* 

• 

0.71a 

• 

• 

Noao.  Spoclflc 

233 

23A 

233 

23k. 3 

26A.5 

2AA 

265 

2A8 

iBpttlao  Bffleloacy 

6b.8 

69.1 

89.6 

89.3 

eA.3 

66.16 

eA.36 

87.76 

(1)  Souret  ^IcbtoMS  insuffScSmit. 

(2)  EictMlTt  rl««port  vrotSoo. 

(3)  BteordSac  failur*. 


(%)  EsevaalT*  cptie*! 

(5)  btiaetioo  at  0.3^. 

(6)  btSpctloa  MuurwMt  at  0.l«36v* 


i 

\ 
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II 4  C.  Experimental  Studies  on  Small  Rocket  Motors  (cont.) 


b.  Performsmce  Measurements 

In  addition  to  the  development  of  techniques  for  temperature 
measurem:;nt  the  secondary  objective  of  this  program  was  to  obtain  thrust  and 
chamber  pressure  measurements  in  order  to  correlate  with  the  measured  temperatures 
to  obtain  insight  into  the  actual  performance  potential  of  the  IH-E  propellant 
systems . 


These  measurements  were  obtained  on  each  of  the  motor  firings, 
and  are  shown  in  Figures  23  through  30,  The  pressure-  smd  thrust-time  curves  are 
integrated  to  obtain  specific  impulse  and  characteristic  exhaust  velocity  data. 

These  then,  together  with  the  theoretical  values,  are  used  to  obtain  specific  impulse 
efficiency,  E  ,  smd  characteristic  exhaust  velocity  efficiency,  E  The  motor 
performance  data  are  summarized  in  Table  VIII  (cf.  Table  VII). 

The  specific  impulse  measured  at  motor  condictions  is 
corrected  to  a  standard  condition  (optimum  expansion  for  15®  conical  nozzle  from 
1000  psia  to  li*,7  psia)  for  the  aluminized  propellant  only.  This  is  divided  by 
the  theoretical  specific  impulse  using  the  shifting-equilibrium-with-solidification 
option  of  Ref  l8.  This  does  not  require  a  special  computer  run  for  each  separate 
test  condition. 


Data  reduction  for  the  LM-2  and  LMH-2  propellants,  however, 
requires  a  calculation  of  the  theoretical  specific  impulses  at  exact  motor 
conditions  {average  chamber  pressure,  ambient  pressure,  and  nozzle  expansion 
ratio)  and  at  standard  conditions  (optimum  expansion  from  1000-psia  chamber  pres¬ 
sure  to  sea- level  ambient  pressure,  and  nozzle  expansion  ratio).  The  efficiency 
at  motor  conditions,  i.e,, 

, measured  at  motor  conditions 
Efficiency  =  - - 

s  theoretical  at  motor  conditions 

is  multiplied  by  the  theoretical  Ig  computed  at  standard  conditions  to  calculate 
an  extrapolated  Ig  at  standard  conditions.  In  essence,  the  motor  efficiency  is 
assumed  to  remain  constant  over  the  range  of  conditions  spanning  actual  motor 
conditions  and  standard  conditions. 

Briefly,  the  Aerojet  computer  program  (Ref  l8)  involves  an 
iterative  solution  of  simultaneous  equilibrium  constants  with  adiabatic  combustion 
r*  fixed  chamber  pressure,  followed  by  isentropic  flow  through  the  nozzle.  The 
theoretical  specific  impulse  is  then  calculated  from  the  difference  in  enthalpy 
between  the  chamber  and  the  nozzle  exit  plane. 

The  necessary  input  data  required  by  the  computer  program 
includes  the  heats  of  formation  of  the  propellemt  ingredients  plus  the  heats  of 
formation,  entropies,  and  heat  capacities  as  a  function  of  temperature  for  all 
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II,  C,  Experiaental  Studies  on  Saall  Rocket  Mo\ors  (cont.) 


conceivable  conbustion  products.  The  latest  JANAF  data  (Ref  19)  are  used  vfaere 
available,  and  all  tbermodynaaic  data  for  propellant  ingredients  and  coabustion 
products  are  periodically  revised  as  new  data  becoae  available. 

c.  Tenperature  Measureaents 

After  the  first  two  notor  tests, the  carbon  arc  reference 
source  was  placed  close  to  the  exhaust  pltiae  and  measureaents  were  taken  at  a 
point  approxiaately  0.3  in.  dovnstreaa  froa  the  exit  plane  (see  Table  VII).  The 
fiber  bundles  and  rotating  saapling  scanners  had  been  eliainated  in  order  to  increase 
the  radiance  of  the  reference  source  approxiaately  13  tiaes.  Satisfactory  deter- 
ainations  of  teaperature  were  then  obtained  froa  the  light  extinction  and  esiission 
aeasureaents;  the  results  of  Motor  Test  3  are  presented  in  Table  IX. 

TABLE  IX 

MEASURED  TIKPERATURES  OH  lKS-230  MOTOR  HO.  3 


Time, 

sec 

Temp, 

“K 

Particle 

Cloud 

Bsissivity 

Reflectivity 

0.1 

2801* 

0.21*21 

0.9907 

0.2 

2822 

0.2375 

0.9909 

0.3 

281*3 

0.2613 

0.9925 

0.1* 

2836 

0.2679 

0.991*2 

0.7 

2899 

_ 2i2991 _ 

_ 0»2?T^  ■ 

(l)  Ho  temperatures  could  be  determined  from  the  data  of  Tests  1  emd  2  within 
reasonable  limits  because  of  lack  of  detectable  penetration  of  the  reference 
source  beam  through  the  plume  or  chamber  precluded  a  determination  of  plume 
emissivity.  As  is  shown  later,  for  opticedly  thick  regions,  reasonable  limits 
on  emissivity  can  be  <istablished  even  in  the  absence  of  a  good  light  extinction 
measurement.  However,  in  motor  ''  ests  1  and  2,  the  plume  was  not  optically 
thick,  and  hence,  the  minimum  limit  for  emissivity  is  extremely  low  (  0.2). 

The  measurements  taken  in  the  chamber  (which  is  opticEdly  thick)  were  obscured 
because  of  melting  of  the  viewport  probe  tips,  which  was  mentioned  above.  The 
firings  did  serve  the  useful  function  of  delineating  unforeseen  difficulties 
in  measurement  techniques  on  motors. 
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II.  C,  Ezperiaental  Studies  on  Snail  Rocket  Motors  (cont.) 


The  neasureaents,  vfaich  shov  that  the  partlcl>;s  are  still 
in  the  oolten  state,  are  an  indication  of  conditions  at  the  center  of  the  pluoe. 
This  is  true  because  of  the  narrov  "depth  of  field"  of  the  receptor  optical 
system^  i.e..  more  light  froa  the  center  of  the  plume  strikes  the  detector  than 
that  from  any  other  region. 

Successful  measurements  of  both  gas  and  particle  tempera¬ 
tures  were  made  on  the  fourth  motor  test,  with  the  apparatus  positioned  as  In 
the  third  test  (see  Table  VII).  These  results,  vfaich  are  presented  in  Figure  31, 
indicate  that  the  thermal  lag  between  particles  and  gas  reached  a  value  greater 
than  700°K.  These  measurements  can  be  compared  to  theoretical  tesiperatures 
presented  in  Table  X,  vhlch  were  calculated  for  the  cases  of  frozen  (at  both 
chamber  and  throat)  and  shifting  equilibrium,  where  the  particles  are  either 
solidified  or  supercooled.  The  temperatures  presented  in  Figure  31  differ  from 
these  values  for  this  test  previously  reported  in  Ref  17  because  an  error  was 
present  in  the  previous  analysis  of  emissivity  at  this  optical  depth.  The 
analysis,  originally  presented  by  Kuby,  eib  (Ref  20),  incorrectly  accounted  for 
the  effect  of  increased  optical  depth,  thereby  resulting  in  an  erroneously  large 
emissivity.  This  error  was  later  pointed  out  to  the  authors  by  Ceirlson  (Ref  21). 

The  particle  temperatures  determined  from  mesisurements  on 
Firing  3  are  higher  than  those  for  Firing  4,  a  difference  irtiich  cannot  be  due 
to  random  fluctuations.  The  measurements  made  on  Firing  3  were  of  much  less 
prec isles,  as  previously  mentioned,  because  there  was  insufficient  gain  on  the 
recording  chazuiel  to  obtain  a  reasonable  galvanometer  deflection.  This  condi¬ 
tion  was  correc‘ed  on  Firing  U. 

It  can  be  seen  from  Figure  31  that  the  measured  gas  tempera¬ 
ture,  al'-hough  initially  at  a  relatively  low  value  (1902®K)  rises  during  the 
firing  to  a  level  above  that  predicted  for  the  shifting  equilibrium  case  No.  6 
(Table  X).  The  particle  temperatures  are  also  seen  to  rise,  always  remaining 
far  abrve  the  malting  temperature.  The  excessive  particle  temperature  suggests 
that  combustion  .5  occurring  at  this  point  in  the  exhaust  plume,  resulting  in  an 
"effective"  particle  temperature.  If  either  active  combustion  is  occurring  at 
this  station  or  if  appreciable  molten  aluminum  exists  here,  the  measured  particle 
temperature  will  be  higher  than  expected.  In  the  former  case,  i.e,,  where  active 
combustion  is  occurring  near  the  droplet  surface,  the  measurement  will  indicate 
a  temperature  somewhere  between  the  freshly  condensed  liquid  alumina  temperature 
(near  the  reaction  zone)  and  the  surface  temperature  of  the  parent  drop.  If 
molten  aluminum  metal  exists  here,  the  emissivity  based  on  the  refractive  Index 
of  the  oxide  is  incorrect  and  a  higher  temperature  results. 

Gas  and  particle  temperatures  were  also  measured  success¬ 
fully  in  the  exhaust  plumes  of  two  lKS-250  motors  having  propellants  with  the 
ingredients  LM-2  and  l>lU-2.  These  measurements  are  presented  in  Figures  32  and 
33.,  where  the  chamber  pressure  trace  is  also  Indicated  for  comparison. 
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II,  C,  ExperiBental  Studies  on  Snail  Rocket  Motors  (cont.) 


TABLE  X 

THEORETICAL  TQffERATURE  FOR  lKS-250  MOTORS  AT  MFASUREMERT  STATIOH 

One-dimensional  case,  P^:  UOO  to  1000  psia  Expansion  ratio:  9*7^ 

Testperature, 

Conditions  in  one-dlM»»nsional  computation  (Assuming  no  thermal  lag) 

1- Frozen  equilibrium  at  chamber  vith  l8l0 

supercooling  of  particles 

2- Frozen  equilibrium  at  throat  with  l880 

supercooling  of  particles 

3- Frozen  equilibrium  at  chamber  with  2020 

solidification  of  particles 

^Frozen  equilibrium  at  throat  with  2100 

solidification  of  particles 

^Shifting  equilibrium  with  supercooling  2l60 

of  particles 

6-Sbifting  equilibrium  vith  solidification  2277 

of  particles 


Azisymmetric  case,^^^  determination  of  radial  temperature  profile  at  A/A*  of  9*7^: 

_ Temperature , °K _ 

P  ,  Center  Minimum  Temp.  Edge 

psSa 

700  2000  1970  2319 

UOO _ 2130 _ 2090 _ 2U60 


(l)  Estimate  for  shifting  equilibrium  with  supercooling.  These  numbers  serve 
only  to  indicate  the  radial  temperature  profile  cu:ross  the  plume. 


Page  28 


AFRPL-TR-66-203 


II,  C,  Experiaental  Studies  on  Saall  Rocket  Motors  (cont.) 


Figure  32  indicates  that  little  themal  lag  occurred  in  the 
IH~2  propellant  test.  The  gas  and  particle  tenperatures  appear  to  foUov  each 
other  rather  closely,  hut  since  they  are  both  above  the  theoretical  tessperature 
at  this  station,  sone  conbustion  must  have  occurr^  during  the  expansion  process. 

This  conclusion  is  strengthened  by  the  chamber  temperatiire  meaisurements  idiich 
were  made  in  this  propellant  system;  they  are  shown  below. 

An  interesting  but  unexplained  phenomenon  occurred  approxi¬ 
mately  0.1  sec  before  the  end  of  the  test  on  the  Uf-2  propellant.  At  this  time 
(see  Figure  32),  the  transmissivity  and  radiance  of  the  plume  dropped  suddenly, 
both  ccning  to  levels  of  about  one-half  their  previous  level.  This  phenomenon 
occurred  momentarily  after  a  pressure  "blip”  in  the  chamber.  This  could  be  explained 
as  a  sudden  opening  of  the  nozzle  throat  due  to  sudden  release  of  an  oxide  film  from 
the  throat.  The  pressure  "blip”  was  reproduced  exactly  in  Motor  Test  8  (cf. 

Figiures  28  and  30 ),  but  since  no  plume  temperatures  were  measured  in  Test  8,  no 
confirmation  of  these  conclusions  is  immediately  forthcoming. 

Greater  thermal  lag  is  apparent  from  Figure  33  for  the 
lMA-2  propelleuit  test.  It  can  be  seen  from  the  figure  that  the  IM  oxide  "freezing 
front"  passed  the  measurement  station  at  t  »  0.3  sec.  As  in  the  case  of  eduminum, 
the  measuronents  indicate  continuing  combustion  for  the  reasons  previously  given. 

Some  additional  insight  into  LM-2  propellant  combustion  was 
gained  from  measurements  of  gas  and  particle  temperature  in  a  plenum  located  Just 
aft  of  a  burning  grain  of  lM-2  propellant.  These  measurements  are  shown  in 
Table  XI.  The  results  are  extremely  interesting  because  they  seem  to  indicate 
incomplete  combustion  in  the  chamber  region.  More  measurements  are  definitely 
required,  particularly  with  the  well-characterized  eJLianinian  proi>ellant  which 
would  serve  as  a  good  standard  of  comparison. 


TABLE  XI 


MEASURED  TEMPERATURES,  Ui-2  PROPELLANT 
CHAMBER  PLENUM  REGION,  lKS-250  MOTOR 


T  ,  ®K 

T  ,  ®K 

P 

g 

P 

c 

Upper^^^ 

Limit 

3l*30 

3035 

As  shown  in 
Figure  28. 

Lower 

Limit 

33UO 

2880 

Theoretlcsil  Temperature:  3570®K 


(1)  This  uncertainty  is  due  to  the  combined  uncertainties  in  particle  cloud 

emlsslvity  and  window  transmissivity.  The  limits  of  emlssivlty  are  discussed 
under  "Anedysls  for  OpticaJLly  Thick  Clouds,"  presented  in  Appendix  A. 
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II,  C,  Experimental  Studies  on  Small  RcckeL  Motors  (cont.) 


A  calculation  of  particle  temperature  assuming  convection 
to  be  the  important  heat  transfer  mechanism  to  IM  drops  of  one-micron  diameter 
indicates  that  the  droplet  temperature  in  the  chamber  could  lag  the  gas  tempera¬ 
ture  by  only  lO^K,  a  conservative  result  which  is  not  borne  out  by  the  measure¬ 
ments.  Instead,  the  measurements  indicate  that  the  phase  change  from  U!(i)  to  IK/  , 
is  occuring  at  temperatures  lover  than  the  saturation  temperature  (corresponding 
to  the  chamber  pressure)  and  that  this  vaporization/IK(g)-dif fusion  process 
is  the  rate-controlling  process  which  prevents  sufficient  combustion  of  IK  in 
the  chamber.  The  model  for  the  combustion  of  IK  is  similar  to  that  used  in  the 
studies  of  aluminum  combustion,  i.e.,  an  evaporating  droplet  within  a  sphericed 
laminar  diffusion  flame.  An  analytical  study  using  this  model  should  be  very 
enlightening,  resulting  in  a  good  prediction  of  particle  temperatures  and  fraction 
of  metal  burned  at  various  axial  stations. 

A  comparison  of  the  results  of  Table  XI  to  the  other  measured 
performance  parameters  can  be  obtained  from  Table  VIII,  which  gives  further 
evidence  that  combustion  is  occurring  downstream  of  the  plenum  where  the  chamber 
temperatures  were  measured.  Other  comparison  is  difficult  because  of  the  limited 
qxiantity  of  data  present. 

More  tests  are  required  with  similar  motors  to  increase  the 
statistical  confidence  in  the  measurements  and  eliminate  the  possibility  of  some 
heretofore  unknown  systematic  bias  which  could  cause  erroneous  measurements. 

However,  there  is  no  reason  to  doubt  the  validity  of  the  measurements,  and  there 
are  several  possibilities  which  can  account  for  the  difference  between  the 
calculated  and  theoreticed  temperatures  (in  addition  to  the  considerations  already 
mentioned ) : 


1.  Air  is  diffusing  into  and  reeu:ting  with  the  gases  in 
the  exhaust  plume.  This  phenomenon  was  observed  to  occur  during  radar  attenuation 
studies  (Ref  22)  on  exhaust  plumes,  where  it  accounted  for  appreciable  increase 

in  plime  temperature.  The  effect  can  be  minimized  through  the  use  of  a  nitrogen 
"blanket"  in  subsequent  exhaust  plume  studies.  Because  of  the  close  proximity  of 
the  measurement  station  to  the  nozzle  exit,  this  effect  cEuuiot  be  very  important. 

2.  The  uncertainty  in  the  thermodynamic  data  \diich  must 
be  used  to  establish  the  composition  of  the  gas  and  the  relationship  between  the 
internal  energy  of  the  gas  and  its  temperature,  could  alone  account  for  more 
than  half  the  observed  difference  between  the  theoretical  and  measured 
temperatures . 


3.  Disequilibrium  between  the  sodium  and  the  surrounding 
gas  could  account  for  a  higher  observed  temperature;  however,  a  conservative 
estimate  of  the  extent  of  this  effect  could  account  for  an  increase  of  less 
than  10®K. 


Page  30 


AFRPL-TR-66-203 


II,  C,  Experioental  Studies  on  Snail  Rocket  Motors  (cont.) 


d.  Light  Scattering  and  Extinction  Measurements 

A  determination  of  effective  particle  size  and  number  density 
vas  also  accoeq>lished  on  these  motor  tests  so  that  particle  cloud  reflectivity  and 
emissivlty  could  be  evaluated.  These  measured  effective  particle  sizes  at  various 
times  during  the  firing  are  shown  in  Table  XII.  The  measurements  were  conducted 
with  apparatus  very  similar  to  that  used  in  the  laboratory  experiments  on  light 
scattering;  it  was  set  up  around  the  exhaust  plume  at  a  station  approximately  0.73  in. 
downstream  from  the  temperatureHneasxirement  stations. 

Figure  3^  presents  the  measurements  of  light  sf  ring 
during  Motor  Tests  3  and  U,  together  with  the  curve  calculated  for  tt  particle 
size  distribution  shown  in  Figure  33.  This  latter  curve  was  obtained  from  a  photo- 
microscopic  examination  of  a  sample  of  particles  taken  diirlng  Test  No.  U  with  a 
high-voltage  particle  precipitator  stationed  about  4  ft  downstream  of  the  motor 
exit  plane. 


The  particle  size  and  number  density  used  in  the  determina¬ 
tion  of  emissivlty  could  not  be  obtained  from  the  light  scattering  measurements 
with  much  confidence.  Instead,  they  were  determined  from  the  extinction  parameter 
yx,/V  at  Y  =  0.388ii,  obtained  by  measurements  of  extinction  of  the  reference 
light  source  beam  together  with  data  on  plume  thickness,  alumina  mass  fraction 
and  gas  density.  A  curve  of  extinction  parameter  versus  particle  diameter  was 
generated  frcaa  the  Mie  theory. .and  is  presented  in  Figure  36,  where  the  measured 
coefficients  are  also  shown.'^^  There  are  two  values  of  (number)  mean  particle 
diameter  corresponding  to  the  measiired  values  of  extinction  parameter.  The 
larger  of  the  two  possible  diameters  is  the  most  probaule.  Judging  from  the 
particle  sample  taken  during  the  firing.  Also,  since  the  extinction  parameter 
decreased  (as  the  pressure  Increased)  during  the  firing,  it  seems  more  likely 
that  this  is  attributed  to  an  Increasing  particle  size  (associated  with  the  larger 
values  of  diameter  on  the  curve  (Figure  36))  since  agglomeration  of  the  particles 
should  be  proportional  to  pressure.  As  shown  in  Appendix  A,  the  determination 
of  mean  particle  diameter  during  the  test  is  only  incidental  to  the  analysis  an£ 
is  not  necessary  to  the  computation  of  particle  temperature.  Instead,  once 
is  determined  fron  the  extinction  measurements,  the  parameter  can  be  found 

from  which  emissivlty  and  then  temperaturesjare  computed.  As  shown  in  Appendix  A, 
the  functional  relationship  of  ^a/^t  ^t^^  depends  on  refractive  index  and  the 

particle  size  distribution  function;  fortunately,  the  latter  variable  is  relatively 
unimportant  to  this  relationship. 


( 1 )  The  relationship  between  extinction  parameter  and  the  measured  transmitted  light 
Intensity  from  the  reference  light  source  is  presented  in  Appendix  A.  Figure  37 
shows  the  particle  size  distribution  (typical  unlmodal)  used  to  generate  the 
broken  curve  in  Figure  36. 
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TABLE  XII 

PARTICLE  SIZE  OBSERVED  H  EXHAUST  PLUME 
ExperlBent  lo.  660125 

Throat  dlaBeter:  0.512  in. 

Aliodimm  loading:  0.738  aoles  Al/lOO  g 
Meamireaent  location:  12  mt  downatreaB  of  exit  plane 
Expansion  ratio  at  neasureaent  location:  9*7^ 

Plune  thickness  at  neasureaent  location:  U.U3  cn 


Time, 

D*, 

sec 

psla 

Micron 

0.05 

»H5 

0.‘»35 

0.10 

U2Q 

0.550 

0.15 

‘*55 

0.600 

0.20 

lt60 

0.620 

0.25 

‘»65 

0.630 

0.30 

1*75 

0.61(0 

o.uo 

500 

0.650 

0.50 

520 

0.675 

0.60 

550 

0.685 

0.70 

570 

0.700 

0.80 

590 

0.765 

0.90 

610 

0.800 

1.00 

6Uo 

0.820 

1.20 

690 

0.830 

^Effective  neanjllameter ,  determined  from  mea8\irementB  of  extinction 
parameter,  Y^/V,  shown  In  Figure  36. 
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II,  C,  Experlaental  Studies  on  Stauill  Rocket  Kotors  (cont.) 


Good  sgreesMnt  was  achieved  betveen  the  aeasured  value  of 
extinction  paraaeter  at  0. 56811  and  that  value  predicted  frost  the  aeasured  particle 
size  distribution  shovn  in  Figure  35 •  It  can  he  seen  in  F^ure  36  that  the 
effective  particle  diaaeter  changed  during  Motor  Test  U.(l)  The  resulting 
particle  sizes  used  in  the  calculation  of  cloud  emissivitj  are  given  in  Table  XII. 

A  regression  analysis  was  perforaed  on  the  recorded  phototube 
eaf  tdiich  alloved  discrlaination  betveen  the  reflected  radiance  free  the  aercury  arc 
leap  (a  120  cps  ac  signal)  and  the  radiance  ealtted  by  the  particle  cloud  (an  erratic 
dc  signal).  This  was  discussed  previously  on  Pages  8  and  13. 

The  four  data  points  presented  in  Figure  3^  for  the  angles 
57.5^  and  120.5°  are  of  very  low  precision  because  of  the  relatively  lov  intensity 
of  the  scattered  light  at  these  angles.  In  fact,  froa  the  regression  analysis 
there  is  less  than  ')%  confidence  that  the  120-cps  signal  actually  accounts  for 
the  reported  data  points.  That  is,  it  could  be  stated  that  the  measiired  signtd 
is  completely  ramdom  vith  greater  than  9')%  confidence. 

This  is  not  the  case  vith  the  measurement  at  0°,  however; 
there  the  difference  between  a  completely  random  signal  and  the  observed  signal  is 
due  to  the  superimposed  120  cps  with  a  confidence  level  greater  than  991%  for  both 
firings  (2)  for  this  reason,  the  extinction  coefficient  at  X  ■  0.U36u  was  deter¬ 
mined  from  the  measurement  at  0°  and  is  presented  in  Figure  38,  together  vith 
values  calculated  for  a  typical  unimodal  distribution  (see  Figure  37 )>  The  data 
presented  in  Figure  38  serves  to  strengthen  the  conclusion  that  the  effective 
particle  diameter  is  in  the  range  0.5  to  0.7w> 

Extinction  parameters  were  also  measured  at  0.589ti  on  Motor 
Tests  7  and  8,  again  using  the  measured  transmission  of  the  reference  light  source 
in  tHe'Sxhaust-plume.  These  measurements  are  shovn  in  Figure  39,  where  the 
extinction  parameter  is  related  to  mean  particle  size  for  a  unimodal  distribution. 

As  in  the  cases  of  Motor  Tests  3  and  ^ ,  the  smaller  of  the  two  possible  par¬ 
ticle  sizes  was  eliminated.  The  measurements  of  Sehgal  (Ref  23)  indicated  a 
number  mean  for  an  LM  propellant  of  less  than  0.1|i,  which  would  seem  to  indicate 
that  the  smedler  of  the  two  sizes  was  the  correct  choice.  However,  examination 
of  the  photomicrographs  of  Sehgal  show  large  spherical  pairticles  ('''Ip)  surrounded 
by  small  single  crystals  of  mean  diameter  less  than  O.lp.  These  small  crystals 
which  greatly  contribute  to  the  reported  size  distribution  are  believed  to  have 
cone  fron  fracture  of  the  large  particles  after  the  LM  oxide  had  frozen.  This 
fracture  can  occur  frcmi  at  least  two  causes:  (l)  from  the  thermal  stresses  at 
freezing  which  occur  either  during  freezing  because  the  solid  phase  has  a  higher 
density  than  the  liquid  or  after  complete  freezing  due  to  intercrystalline  shear, 
and  (2)  from  impingement  upon  the  walls  of  the  tank  in  which  Sehgal  collected  his 
sample . 

in A  time-resolution  of  extinction  parameter  was  not  obtained  for  Motor  Test  3' 
only  the  time-average  value  is  presented  in  Figure  36. 

(2)  The  additional  contribution  to  the  signal  from  forward-scattered  light  was 
considered  to  be  negligible. 
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II,  C,  Experimental  Studies  on  Staall .Rocket  Motors  (cont.) 


Frcai  the  above  arguments  together  with  the  measurements  at 
A  ■  0.^66y,  it  is  concluded  that  the  mean  particle  diameter  for  the  lM-2  propellant 
is  in  the  range  0.7  to  0.8u.  This  conclusion  is  further  strengthened  by  the 
measuresients  taken  farther  down  the  exit  plume  at  X  >  O.U36ti  (again  using  the 
mercury  arc  lamp)  during  Motor  Test  6,  irtiich  are  shown  in  Figure  UO.  For  the  motor 
tests  with  the  UIH-2  propellant,  the  particle  size  (frcm  Figure  39)  appears  to  be 
0.9  to  l.Ou. 


In  an  attempt  to  obtain  particle  sizes  in  the  chamber  region 
during  Motor  Tests  7  and  8,  the  mercury  arc  light  source  and  scattering  detectors 
were  installed  at  the  optical  viewports  installed  at  the  chamber  plenum  region. 

The  results  of  these  tests  indicated  that  no  radiance  frcm  the  mercury  arc  lamp 
could  be  detected  at  the  three  angles  at  idiich  detectors  were  placed  (O'*,  63**,  and 
117°).  Calculations  of  the  extinction  parameter  for  the  chamber  region  indicate 
that  the  transmitted  beam  intensity  would  be  less  than  10-70  of  the  incident  inten¬ 
sity  if  all  the  expected  metal  or  metal  oxide  were  present  in  the  condensed  phase. 
This  was  essentially  verified  by  the  seversil  experiments  in  the  chamber  region. 

3.  Conclusions 


This  report  has  described  work  on  the  spectroscopic  measurement 
of  gas  ud  particle  temperature  in  small  flames  and  rocket  motor  exhaust  plumes. 
The  following  conclusions  are  drawn: 

1.  The  spectral  comparison  method  is  readily  applicable  to 
opticadly  thin  regions  where  the  emission  characteristics  of  the  condensed  phase 
present  are  well  known.  For  opticadly  thick  regions,  a  slight  revision  to  the 
technique  is  necessary.  Successful  measurements  of  gas  and  particle  temperatures 
were  obtained  in  >:>th  the  optically  thin  case  (rocket  motor  exhaust  plume)  and 
the  opticedly  thick  region  associated  with  a  snudl  motor  chamber  with  a  high 
condensed  phase  mass  fraction.  These  measurements  are  reported  herein. 

2.  The  precision  of  the  measurement  is  extremely  good  for  the 
optically  thin  case  with  a  standard  deviation  for  a  clean  gas  of  less  than  20*’K. 

In  the  presence  of  p€u*ticles,  the  stcudard  deviation  for  the  gas  temperature  is 
about  1»0®K,  with  the  refractive  index  of  edumina  accounting  for  a  larger  uncer¬ 
tainty  in  particle  temperature, 

3.  Sodium  appears  to  be  desirable  for  use  as  a  trace  element, 
since  it  has  been  shown  to  be  in  equilibrium  with  the  gas  for  pressures  at  1  atm 
and  above.  Calculations  indicate  that  no  appreciable  disequilibrium  between 
sodium  atoms  and  their  aeighbors  could  occur  in  the  expansion  of  eui  exhaust  plume. 
Lithium,  on  the  other  nand,  is  undesirable  because  of  its  observed  tendency  for 
self-absorpt ion . 
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II,  C,  Experiaental  Stiidies  on  Eiull  Rockot  Motors  (uont.) 


U.  Light  scattering  and  extinction  measureuents  appear  to 
offer  proaise  as  a  method  for  defining  effective  particle  size  in  a  cloud  of 
particles,  such  that  the  cloud  reflectivity  can  he  determined.  However,  light 
scattering  measurements  of  good  precision  In  an  optically  thick  plume  do  not 
appear  to  be  possible  with  a  conventional  light  source.  The  applicability  of 
a  Q-svitched  laser  for  this  purpose  is  described  in  Appendix  A. 

3.  Measurments  of  gas  and  particle  temperature  in  the  exhaust 
plume  of  a  small  motor  are  presented  together  with  a  dlscussioc  of  differences 
between  the  measured  and  theoretical  temperatures.  It  is  concluded  from  these 
measurements  that  a  more  intense  continuum  reference  source  will  be  required 
for  greater  optical  depths  (larger  siotors). 
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III.  PROPOSED  FUTURE  EFFORT 


A  future  program  vould  involre  mea8\irement8  of  particle  and  gas  temperature 
on  "3KS"  aise  motora  containing  approximately  10-lb  propellant  graina  and  of  3-sec 
duration.  A  Q-avitcbed  laser  having  a  200  MW  power  capability  (20  Joulea  for  a 
100  nanosecond  pulse)  will  be  used  to  give  narrow  limits  on  clotid  emlasivlty  and 
hence  good  accuracy  on  both  the  gas  and  particle  temperature  either  in  the  chamber 
or  exhaust  plume.  These  measurements  would  be  siade  for  an  aluminized  propellant 
as  well  as  IN-2  and  INH-2  propellants  in  order  to  utilize  the  relatively  well 
established  behavior  of  the  aluminized  propellants  as  a  reference  for  comparison. 

The  area  obviously  requiring  the  greatest  effort  in  the  near  future  is 
that  of  gas  and  particle  temperature  measurement  in  optically  thick  regions. 

Results  of  the  present  program  have  Indicated  that  the  chamber  region  of  a  typical 
solid  rocket  motor  represents  a  cloud  of  "infinite"  optical  depth,  idiich,  because 
of  the  presence  of  certain  particle  sizes,  prevents  the  penetration  of  the  reference 
light  beam.  This  precludes  the  direct  measurement  of  cloud  emlssivity.  However, 
computational  techniques  developed  during  this  program  allow  limits  to  be  placed  on 
the  magnitude  of  cloud  emlssivity,  resulting  in  narrow  limits  on  temperature.  It 
has  been  shown  that,  with  the  use  of  a  Q-switched  optical  maser .  even  if  no  light 
penetration  of  the  cloud  occurs,  becauise  of  the  high  intensity  of  the  source,  very 
narrow  limits  can  be  placed  on  emlssivity,  and  hence  temperature  (e.g.,  with  a 
200  MV  laser  system,  the  limits  on  temx>erature  at  2500°K  would  be  +  50^K). 

The  gas  emlssivity  in  the  optically  thick  region  will  be  determined  with 
the  technique  used  in  the  sixth  motor  test.  The  method  depends  on  a  measure¬ 
ment  of  gas  ttlssivity  (sodium  D  line  emlssivity  in  the  previous  case)  in  an 
optically  thin  region  of  the  motor  xmder  test.  The  emlssivity  of  the  optically 
thick  region  in  the  same  motor  can  then  be  determined  because  the  trace  element 
mass  concentration  does  not  change  from  the  one  station  to  the  other.  Actually 
(although  some  sodium  reaction,  for  example,  may  occur)  the  effect  on  line  strength 
is  slight.  Most  of  the  emlssivity  change  results  from  a  change  in  the  gas  density. 
The  effect  of  temperature  on  the  population  of  upper  and  lover  states  connected  with 
the  spectrum  line  used  is  easily  determined  from  the  Maxvell-Boltzmaiui  distribution. 
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IV .  PROPOSED  APPLICATIOBS  0?  Pl^  TgaPERATm  ¥ZABUmmi! 

The  equipaent  and  tecbn^quer  for  fiaaa  t«np>ei&turi?  ft#a*urca*nt  nsy  ^  used 
ic  various  solid,  liquid,  or  hy^srid  propilsitss  syst^ss  icth  to  furtfear  aq  under- 
sta-'ding  of  the  coBbustlon  proeeas  and  as  a  Asesa  of  aeasuriog  perforassoe  {Ig), 
lAei-  conventional  seasureaont  aethods  cff;5!E!5t  b*  used,  tsrce  jajor  are^s  of 
applications  for  this  techniqiie  cooe  to  sdnd; 

1.  m~2  Proi)ellant  laproveaeat-Prcgrss  * 

Thft  ultimate  objective  of  Contract  AF  04{6ll)-i05^5  i»  to  obtain  an 
understanding  of  the  factors  contributing  tc  the  iowsjr  than  ocpected  specific 
iap’jlse  efficiencies  of  these  asetaiised  propellant  systmo.  i^asuresseets  obtained 
on  lKS-250  size  sotors,  both  in  the  cha»ber  and  in  the  eshaust,  vith  11*1-2  propel¬ 
lants  hare  strongly  suggested  that  a  sizeable  quantity  of  imreacted  aetal  is 
leaving  the  caabuation  chaaber.  Mditionai  chenic-al  reaction  is  occurring  between 
the  chasaiwr  and  the  exliaust  plune  resulting  in  both  perticle  and  gas  tesaperatxires 
approximately  200®C  above  the  theoretical  ieeperature.  Further,  aensured  particis 
teaperatures  in  the  erhaust  are  well  above  (50®C)  their  aelting  point  for  the  bulk 
of  the  acter  firing  duration.  Hence,  the  heat  of  fusion  of  the  particles  made 
essentially  no  contribution  to  the  motor  specific  impulse. 

The  same  aeasureaent  equipsent  and  techniques  can  be  adapted  for  use 
in  any  metallzed  propellant  improveaent  oregram  ruch  as  the  liquid  beryllazine 
or  beraai«ine  propellants.  In  auultic©,  met&lized  propellants  are  contemplated 
for  future  air  au^nented  propulsion  syst@ns.  Heaeurements  of  particle  taapera- 
tures  will  yield  important  insight  into  Ignition  end  ccesbuetion  time  delay  which 
in  turn  will  dictate  the  length  of  the  arcer-buming  section. 

2.  Advanced  NERVA  with  Elevated  Temperature 

Present  NERVA  engine  designs  utilize  tungsten/26?  rhenium  thermocouples 
to  monitor  thrust  chamber  temperature  and  use  this  value  througn  suitable  control 
systems  tc  control  the  criticality  of  the  atcKsic  reactor.  This  thermocouple, 
although  hjghl’y  reliable,  is  limited  to  measureaents  at  a  fixed  immersion  depth 
and  position  in  the  thrust  chamber.  An  optical  system  coupled  with  suitably 
located  fibei  bundles  and  transparent  windows  would  be  capable  of  scanning  both 
Rxiaily  and  radially  across  the  thrist  chambers.  This  would  allow  pinpointing 
trouble  spots  each  as  hot  channels  of  gas  leaving  the  reactor,  and  in  turn, 
supplement  the  measured  thermocouple  tssaperatures. 

Future  gas  core  reactors  are  expected  to  operate  at  temperatures 
beyond  the  scope  of  any  existing  thermocouple  materiad  system.  Here  au  optical 
means  for  control  wiJ.1  be  a  necessity. 

3-  Small  Liquid  Attitude  Control  Motors 

Saall  liquid  attitude  control  motors,  with  impulse  bits  lasting 
apsproxlmetely  30  laiilisec,  will  use  lEcieasui  ably  small  flow  rates  for  both  the 
oxidizer  iind  fuel.  Hence,  the  most  important  measured  performance  parameter. 
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■OMEICLAIURE 

A/A*  ■  expansion  ratio 

A*  ■  area  of  nozzle  throat 

c*  ■  characteristic  exhaust  velocity, 

C,  -  F/P  A* 

T  C 

U 

■  constant  in  Planck's  equation,  I.U388  x  10  aicron  *K 

■  g/c* 

D  ■  dianeter 

■  fiif  generated  fros  radiance  detected  hy  phototube 

i  -  refers  to  vare  length 

J  ■  0  -  refers  to  reference  source  alone 

J  s  1  >  refers  to  radiance  froi  both  flane  *  reference 

source 

J  ■  2  -  refers  to  radiance  from  flaae  alone 

F  •  thrust,  Ibf 

f(d)  *  frequency  function  of  D,  normalized  such  that  /  f(D)  dD  ■  1 

■*  o 

I  <■  intensity  of  light 

*  incident  light  intensity 

s  plane-polarized  component  of  light  intensity 
perpendicular  to  plane  of  observation 

I  ■  specific  impulse 

8 

Ij^  *  intensity  function,  see  footnote,  p  lU.. 

i  ■  1  plane  polcurized  in  direction  perpendicular  to 

observation  plane 

i  >  2  plane  polarized  in  observation  plane 

k  ■  2if/X 

K  *  phototub:;  multiplication  constant  at  E. 

X  J  X  J 
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KMERCLAIURE  (eont.) 


R,o 


T 

\ 

T 

> 

t 

V 


-3 


refractive  index 
pui^icle  ninber  density,  ai~ 
real  part  of  refractive  index 
imaginary  part  of  refractive  index 

radiance  from  Planck's  lav,  defined  in  Appendix  A,  Eq[uation  7 

distance  from  light  stop  of  scattering  detector  to 
scattering  volume 

burning  rate 

temperature,  °K 

brightness  temperature, 

source  testperature, 

thickness,  cm 

mean  particle  volume 

volume 

mass  flov  rate,  Ibs/sec 


Greek  Symbols 


t 

u 

X. 


vD/X,  particle  size  function,  dimensionless 
absorption  cross  section,  spectral  absorption  coefficient 
scattering  cross  section,  spectral  scattering  coefficient 

emissivity 
micron,  lO”^  meter 
wavelength,  micron 


1  refers  to  wavelength  removed  frcm  a  spectrum  line 

2  refers  to  spectrum  line 
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BOMEBCLATURE  (cont.) 

6  >  angle  between  center  line  of  detector  and  center  line  of 

incident  light  beaa  as  shown  in  Figure  9> 

p  >  reflectivity  of  particles,  mirrors,  etc.  or  density 

0^  ■  standard  deviation  of  the  variable  X,  =  /variance  about  Z 

T  ■  transmissivity 

X  ■  mass  fraction  of  particles 

i  B  function  of  propellant  properties 


Subscripts 


ai  ■  absorption,  at 

b  B  brightness 


L  B  liquid 


g  ■  gaa 

o  <*  comparison  source 

p  ■  particles 

si  B  scattering,  at 

wi  «  window,  at  y^ 


Page  hi 


AFRPL-TR-66-203 


REFEREHCES 


Adass,  J.  and  S.  E.  Colucci,  "Ihe  Spectroscopic  Meastireaent  of  Gas 
and  Particle  TaB^wratures  in  Metallised  Propellant  Conbustion". 

Paper  S66-175  ZCRPG/AIAA  C<»fercnce  to  be  presented  July  16-21,  1966 
Washington,  D.  C. 

Colucci,  S.  E.  and  J.  M.  Adaas  "Plane  Tenperature  Measurenents  in 
Metallized  Propellant",  2nd  Qtrly.  Technical  Report  to  AFRPL,  Project 
31^,  Aerojet-General  Corp.,  Report  SPO  20,  Rov.  1965> 

Colucci,  S.  E.  and  J.  M.  Adans  “FlsKe  Tenperature  Measurement  of 
Metallized  Propellant",  First  Quarterly  Tech.  Report  to  AFRPL, 

Project  31^6,  Aerojet -General  Corporation,  August  1965. 

Hett,  J.  H.  and  J.  B.  Gilstein,  "Fyrooieter  for  Meaisuring  of  Instantaneous 
Teaiperatures  in  Planes",  J.  Opt.  Soc.  of  Anerica,  30,  11(19^9)  909. 

Sutherland,  G.  S.  "^e  Mechanism  of  Combat  ion  of  an  AnBoniua  Perchlorate- 
Polyester  Resin  CoQposite  Solid  Propellant",  Hi.D.  Thesis  in  Aeronautical 
Engineering,  Princeton  University,  1956, 

Bundy,  F.  P.  and  B.  M.  Strong,  "HeasurMsent  of  Flame  Temperature,  Pressure, 
and  Velocity",  Phys.  Heas.  in  Gas  Qynamics  and  Ccmbustion,  Princeton 
Series  Vol.  IX,"l95^. 

Carlson,  D.  J. ,  Temp. ,  Its  Meas.  and  Cont.  in  Sci  and  Ind.  3.  Part  2, 
Reinhold,  New  York,  (1962T  535. 

Tourin,  R.  H.  et.  al.,  "Measurement  of  Temperatures  in  Ionized  Gases  by 
Means  of  Infrared  Radiation",  ARL  62-31^,  Office  of  Aerospace  Research 
(1562). 

Null,  M.  R.  and  W.  W.  Lozier,  "The  Carbon  Arc  as  a  Radiation  Standard", 
Teap.  Its  Meas ,  and  Cont.  in  Science  and  Ind.  3,  Part  1 ,  Reinhold, 

New  York  (1962)  551. 

RCA  Electron  Tube  Division  1P21-10-58  "1P21  Multiplier  Ohototube".  n.d. 

DeVos,  J.  C.  "A  New  Determination  of  the  Qaissivity  of  Tungsten  Ribbon", 
Physica  20  il9^h)  690-nk, 

Erickson,  W.  D.  "Light  Scattering,  a  Technique  for  Studying  Soot  in  Flames" 
Ph.D.  Thesis  in  Chemical  Engineering,  MIT,  Dec.  1961. 

Gryvnak,  D.  A.  and  D.  E.  Burch,  "Optical  and  Infrared  Properties  of  Alumina 
at  Elevated  Temperatures",  Philco  Publ.  U-2623  (AD  606  793),  196)*. 


ArRPL-TR-66-203 


REFERENCES  (cont.) 


lU.  Maltlson,  I.  H.  et.  al.,  "Refractive  Index  of  Synthetic  Sapphire", 

J.  Opt.  Soc  Aaerica  U8,  1  Jan  1958. 

15.  Carlson,  D.  J.  and  R.  A.  Dupuis,  "Almina  Absorption  and  Pittance", 
Philco  Publ.  Ho.  2627  (196U). 

16.  KirshenbauB,  A.  D.  and  J.  A.  Cahill,  "The  Density  of  Liquid  Aluainvas 
Oxide",  0 .  Inorg.  Hucl.  Chen.  lU,  (i960)  283-^87. 

17.  Colucci,  S.  E.  and  J.  M.  Adams  "Flame  Temperature  Measurement  of 
Metallized  Pro)«llant",  Third  Quarterly  Techn  Report,  Project  31^8, 
AeroJet-GenerrJ.  Corporation  Report  SRO  20,  November,  1965. 

18.  Couglin,  J.  P.  and  Skith.  R.  M.,  "A  description  of  the  Aerojet-General 
Corporation  Computer  Program  for  Calculation  of  Specific  Impulse."  n.d. 

19.  JARAF  Theraochemical  Data,  the  DOV  Company  Thermal  Laboratory, 

Midland,  Michigan,  31  December  I960,  and  subsequent  revisions. 

2(^.  Kuby,  V.,  et  al. ,  "An  Investigation  of  Recombination  and  Particle  Lags 

Effects  in  Rocket  Nozzles,"  (U)  Aeronutronic  Report  C-1938,  CONFIDENTIAL, 
Decoiber  1962. 

21.  Carlson,  D.  J.,  Personal  Communication  vith  J.  M.  Adams,  April,  1966. 

22.  Coughlin,  J.  P.  and  Bollingsvorth,  S.  W.  "A  Correlation  between  Measured 
and  Computed  Values  of  Microwave  Attenuation  for  Solid  Propellant 
Exhausts  Part  II:  'Hieoretical  Calculations  and  Correlations",  Social 
Session,  20th  Interagency  Solid  Propellant  Meeting,  Philoadelphia,  Perm., 
July  196**  (Volume  IV,  Bulletin). 

23.  Sehgal,  R.  JPL  Space  Programs  Summary  37-22(B)  "The  Collection  and 
Evaluation  of  Particulate  Matter"  CONFIDENTIAL,  No  date. 


Page  1*3 


AFRPL-lR-66-203 


Optics  and  Electromechanical  Schematic  of  Spectral  Comparison  Pyrometer 


Figure  1 
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Figure  2 


Laboratory  Apparatus,  Spectral  Comparison  Pyrometer 


Figure  3 


Figure  4 
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Scattering  Detector  Assembly,  Exploded  View 


Figure  6 
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Optics  for  Light  Scattering  Measurement 


Figure  7 


Figure  8 
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Figure  9 


Scattering  Detector  Schematic  Showing  Planes  of  Polarization 
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ANOLE  e  DECREES 

Light  Scattering  Diagrams  tor  Various  Particle  Size  Distribution 

Normalized  to  (30°) 


Figure  11 
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Particle  Size  Distributions,  Measured  and  Hypothetical,  Used  to  Generate 
Scattering  Diagrams  in  Figures  10  and  11 


Figure  12 
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Figure  13 


Apparatus  Used  for  Flame  Temperature  Measurements  on 

Small  Motors 


flexible  drive  shaft 
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OPTICAL  SAMPLin 


Spectrometer  and  Optical  Sampling  Switch  Assembly 
Figure  15 
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Carbon  Arc  and  Optical  Sampling  Switch  Assembly 
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Figure  16 
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Figure  17 


Apparatus  Used  for  Flame  Temperature  Measurement 
cn  Small  Motors 
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Figure  18 


Olose-up  View  of  Apparatus 
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Nozzle  Postfiring  View  Locking  Aft  from  Plenum 
to  Throat  (Test  2) 


Figure  19 
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Figure  20 
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Series  FT-ZX.OlS-BH-006  (IJIH-2) 
(Taken  after  Test  5) 


(Taken  after  Test  7) 
Series  PT-ZX-OlS-BH-008  (LMH-2) 


Nozzle  Postfiring  Views  (LMH-2  Propellant) 


Figure  21 
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Series  FT-ZX-OIS-BH-007  (LM-2) 

(Taken  after  Test  6) 


Series  PT-ZX-01S-BH-009  (LM-2) 


(Taken  after  Test  8) 


Nozzle  Postfiring  Views  (LM-2  Propellant) 


Figure  22 
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Figure  25 


Motor  PerforMance  (Test  Series 


Motor  Performance  (Test  Series  FT-ZX-01S-BH-S) 
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Figure  27 
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Figure  29 


(Seconda)  After  Prasaure  Riae 
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Figure  30 
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Figure  31 


Aluninized  Propellant 
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Measured  Gas  and  Particle  Teaperatures ,  Exhaust  Pluae 
of  1  iCS-250  Motor,  LM-2  Propellant 


Measured  Gas  and  Particle  Temperatures.  Exhaust  Plume 

LMH-2  Propellant 
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iction  Parameter ,  Determined  from  Light  Extinction  Measurements 
Exhaust  Plume  of  1KS-250  Motor  (Tests  3  and  4)  at  i  =  osso/y 
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Figure  37 


Extinction  Paraneter,  Determined  from  Light  Extinc  -r  Measurements 
in  Exhaust  Plume  of  1KS-250  Motor  (Tests  3  ar^  ^  i  «  0.436 /i 
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in  Bxhausi'pIIIie'of  lKs!25o"Soi-f'°7^i:i? Measurements 
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Figure  40 


AFRPL-TR-66-203.  Appendix  A 


To  detetmlne  teaperatures  of  'both  the  gae  and  the  coodensed  phaae  in  a 
spectrally  absorbing-emitting  tvo-phase  medium,  it  is  necessary  to  determine  the 
emissirity  and  radiance  associated  with  the  continuum  emission  of  the  condensed- 
phase  cloud  and  the  spectrum  line  emission  of  the  gas.  The  cmissiTlty  is  deter¬ 
mined  by  measurement  of  the  extinction  of  a  ben  of  light  f^om  a  reference  light 
source  (e.g. ,  a  tungsten  ribbon  lamp  of  known  brightness  temperature).  Ibis 
extinction  occurs  due  to  both  absorption  and  scattering,  but  each  contribution  can 
be  isolated  through  the  use  of  the  Mle  scattering  theory^  vlth  a  knowledge  of  the 
complex  reAraetire  index  of  the  dielectric  which  is  present.  From  this  treatment, 
the  absorptirity  of  the  particle  cloud  can  readl^  be  determined  in  the  optically 
thin  case.  For  a  system  in  thermal  equilibrium,^  the  smissiTity  of  the  cloud  is 
equated  to  the  absorptirity  from  Kirchoff's  Law. 

Figure  A1  presents  the  normal  and  hemispherical  emissirity  as  a  function  of 
optical  depth,  H  Yg)  t,  with  Ya/Yt  *•  parameter.  This  curre,  reproduced 

here  by  permission  of  C.  0.  Bartky  (1)  is  the  result  of  work  by  Bartky  (2)  and  by 
Bomanova  (3)  on  special  solutions  of  the  radiatlre  transfer  equation  (A); 

dl  h  f 


where  4t  4  ve  the  transverse  and  axlmuth  angles  to  ly,  respectively.  An  "optically 
thin"  cloud  of  scatterers  and  absorbers  corresponds  to  that  region  to  the  lef*’-  of 
Figure  A1  where  the  lines  are  straight;  values  of  6  corresponding  to  the  "knie"  of 
the  curves  are  associated  with  ’’optically  thick"  clouds.  Finally  idien  the  anisslvivy 
reaches  its  maximm  value,  a  condition  of  "infinite  optical  depth"  is  said  to  exist. 


1  The  details  of  the  Mie  scattering  theory  are  given  in  Appendix  B. 

2  Although  the  reference  light  source  and  the  cloud  are,  in  general,  not  in  thermal 
equilibrium  with  each  other,  no  appreciable  beating  of  the  cloud  occurs  during 
the  absorption  of  the  reference  light  source  beam,  and  Klrcboff's  Lav  is  appli¬ 
cable. 
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I.  AIAEtSIS  FOR  OFTICALLT  TEIM  CLOUDS 

Me«gare—otB  of  ploM  ndleaee  and  traoaiisaiTlty  are  aade  vitMa.a  regioD 
defined  bjr  the  acceptor  optica.  Ihia  ragion  taken  tba  fan  of  two  col inear  thin 
cooea  baring  a  coaun  at  the  centerline  of  the  pluM.  (Figure  A2).  It  la 
the  aeattering  and  abaorption  of  tha  reference  light  aouree  bean  and  the  eniaalan 
of  the  gaa  and  particlea  within  thin  region  which  are  eonaidered.  The  depth  and 
particle  concentration  along  the  cone  centerline  defines  the  optical  depth.  For 
the  caae  of  exhaast  plinwa  of  IKS  notora,  the  optical  depth  ia  approaching  the. 
‘'optically  thick"  caae,  but  the  "optically  thin"  analyaia  can  be  uaed  with  an 
error  in  teaperaturea  of  lean  than  IS. 

Light  collected  by  the  acceptor  optica  ia  paaaed  to  the  apoctroneter  where 
it  in  apeetrally  dispersed  across  the  exit  slit,  caused  an  cnf  to  be  generated  by 
the  detector.  In  the  following  equatims,  represents  a  raaulting  galranoneter 
deflection  at  li  and  and  is  a  systen  nultiplication  constant  which  includes 
the  response  eharacteristles  of  the  optical  systan,  spectrcneter,  phototube  and 
galranoneter.  The  galranoneter  deflection  is  related  to  the  radiance  incident 
iq>on  the  phototube  through  the  equation 

®ij  *^ij  *  **  ^^i’  **^*®®* 

Prior  to  aaklng  neasurcnents  on  a  flsne,  with  only  the  reference  source  on, 
neosureaents  of  galranoneter  deflection  are  node  at  rarious  source  tenperatures. 

The  deflection  is  related  to  the  coetinuun  cnission  fron  the  source  at  by 
eqxiation  (l),  which  also  accounts  for  the  troxunissirlty,  t,  of  both  lenses  or 
windows  cm  either  side  of  the  floae: 


(1) 


In  the  presence  of  the  flane,  the  measured  galranoneter  deflection  at  Xj^ 
of  the  continuum  is  related  to  the  radiance  enitted  by  the  particles  with  equation  (2) 


E,„  K, 


’w  'p  '^p) 


12  *‘12  'w  ‘p  '"i’  *p 


(2) 
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I,  AnalTili  for  Optleollsr  Thin  Cloud*  (eont.) 


«h*r«  the  partlel*  cloud  caiiilYitx,  Cp  T^)  1*  glT«n  bjr 

‘p  V  "  ^  ■  •'* 

To  better  explain  the  relationahip  shown  in  Fignre  Al,  equation  (3)  can  be  rewritten 

as 

e  (X. ,  T  )  ■  3f  ir  t  where  it  t  <  0.1 
p  1  p  a  a 

■  i  (ir^  ♦  Y,)  t  (y^/y^)  ■  d  •  (y^/y^) 

which  would  give  a  straight  line  relationship  between  In  Cp  and  ln(if  (y^  Yg)  t), 
as  is  shown  at  the  left  of  Figure  Al.  For  a  bgrpothetlcal  cloud  which  has  dlaensioos 
alnost  the  sene  ss  those  of  the  receptor  "cooes",  radiation  enitted  froa  the  far  side 
of  the  region  would  be  scattered  end  abeorbed  as  it  passed  through  the  region  towsrd 
the  receptor.  Thus  the  detector  would  see  a  lesser  contribution  froa  the  aore  distent 
regions  dus  to  a  net  scattering  loss.  This  condition,  which  probably  could  not  arise 
in  notor  exhaust  pluae* ,  is  termed  the  thin-transwerse  ease  and  was  analysed  by  Adaas 
Ref.  (5).  The  other  extreae  ease,  called  the  thick-transwerse  ease,  lAere  the 
transverse  and  longitudinal  diaenslons  are  roughly  equal,  results  in  no  net  loss 
due  to  scattering  of  light  eaitted  frea  far  regions,  beesuse  scattering  into  the 
voluM  in  a  direction  toward  the  receptor  is  equal  to  that  light  lost  by  scattering 
in  this  direction.  Thus,  the  radiation  collected  by  the  receptor  does  net  depend 
on  the  scattering  cross  section  of  the  particles,  and  equations  (2)  and  (3)  result. 

This  is  not  characteristic  of  the  reference  light  source  beas  as  it  tranrerses 
the  plus*,  however.  Because  the  source  bean  is  anisotropic  and  because  there  is  not 
thensal  equilibrlun  between  the  plvne  and  the  source,  light  scattered  out  of  the 
receptor  c«te*  is  not  scattered  back  entirely,  but  sone  absorption  occurs  outside 
of  this  ToluM.  It  will,  for  the  present,  be  assuned  that  all  the  radiation  ftroa 
the  reference  source  bean  which  is  scattered  out  of  a  control  volwe  is  pemsnently 
lost.  Actually,  of  course  sone  of  this  radiation  is  recovered. 

Equations  (l)  through  (7),  relating  the  gas  and  particle  tanperature  to  the 
nsasnreawnts  of  radiance,  cover  the  case  Just  discussed  and  have  been  incorporated 
into  an  existing  conputer  program  which  is  used  to  rediice  the  exhaust  plune 
awasurenants. 
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I,  Analysis  for  (^ieally  Ibln  Clouds  (coot.) 


With  tbs  rsfsrenee  souiree  on,  the  measured  signal  at  is  the  sum  of  the 
transaltted  source  intensity  and  that  ecaing  from  the  particle  anlsslon,  and  is 
given  by  equation  (>t): 


®11  \ 

ih) 

*  («P  (->  (y^  ♦  Y,i)t)]  rJ  (X^,  T^)  (X^,  T^) 

At  X2t  a  spectrum  line  is  generated  by  the  trace  element  and  emission  from 
both  the  particles  and  the  gas  occurs.  This  radiance  is  detezmined  from  equation  (5) 

®22*^22  •  %  [l-exp(-3[Y^  +  Yg)t]Rj(X2,  T^) 

^a2  ^g 

(5) 

*  V  *  ’s’*’  “s-  ■'»’ 

B  Y  -  ♦  Y 

a2  'g 


With  iibe  reference  source  on,  the  resulting  radiance  at  X2  is  the  sun  of  that 
Aron  the  continuum  emission  by  the  particles,  the  spectnm  line  emission  by  the  gas 
(trace  element)  and  that  transmitted  through  the  flame  from  the  reference  source 
beam.  This  sum  is  related  to  the  resulting  galvanometer  deflection  by  equation  (6): 


®21  *^1  “  ®22  *^22  ^w2  *  ‘'^s2^  ”l  ^^2’  '^s^  's  ^^2’  ’’^s 


)  (6) 


where 


(»,.  ij) 


(«p  (t-t")  -  1) 
i  J 


(7) 
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II.  AlALTSIS  FOR  OPTICALLY  THICK  CLOUDS 


A.  OPTICAL  IffiPTB 


The  nuaber  density  of  pertleles  or  droplets  in  s  eoabustion  ehanber  or 
plnae  csn  be  csleulsted  Area  the  relation 


(l-«) 


where  the  wsloeity  lag  ■ 

V  ■  aeon  particle  woIibm  ■  ^  (D) 


f(D)dD  -  1  (10) 

X  is  the  aass  f^aetion  of  particles 

Pg  are  the  condensed  phase  and  gas  densities,  respectirely. 
The  optical  depth,  6,  is  then  giwen  by  t 


Cl-X)  Pr.  K 


Y-  ♦  Y- 
(S - •)  t 


properties  of  properties  actual  thickness 

propellant  and  of  particle  of  plane 

systea  size  and 

s  f  refractive 

index 


which  we  will  write  as 


6  -  C  (\/V}  t. 


Ig,  is  given  by 


The  ratio  of  tranaaitted  light  intensity,  I,  to  incident  intensity. 


o 


Therefore,  we  can  detezaine  the  extinction  paraeter,Yt/V 
froB  a  tranaaission  aeasureaent  by  rewriting  equation  (12) : 


in 
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II,  Analysis  for  Optically  Thick  Clouds  (cent.) 


B.  EXrnCTIOl  PARAMETER 

Since  Y^/V  =fi(D,  a) 

irtiere  D  is  the  nean  diaaeter 

o  is  a  site  distribution  function, 

and  since  Ya/  ft  “  ^2(0,  o) 
ve  can  write 

V’t  ■ 

idiich  dependence  is  presented  in  Figures  A3  through  A5>  The  reftractive  index  for 
the  IM  oxide  was  deteznined  tram  neasurenents  at  Kendall  (6)  and  Bauer  (7)>  The 
dependence  of  the  Imginery  part  of  the  reflractiTe  index  on  teeperature  was 
deteznined  by  equating  it  to  that  already  determined  for  alumina,  including  the 
region  above  the  nelting  point. 

C.  PARTICLE  CLOUD  B<ISSIYITY 

Having  the  relatiozisbip  expressed  by  Figures  A3  through  A$,  the 
enissirity  of  a  cloud  can  be  detemined  from  Figure  Al,  since 

and  hence 

'p  ■  r^/v.  e,  t) 

irtiere  Cis  detemined  from  the  propellant  and  systen  properties.  The  resulting 
relationship  for  a  typical  propellant  system  is  shown  in  Figure  a6.  This  figure 
was  detemined  for  conditions  of  motor  No.  6,  from  which  particle  emissiyity  was 
detemined.  It  is  interesting  to  note  the  following  features  of  Figure  a6: 

1.  The  emissivity  of  any  particle  cloud  goes  through  a  minimm. 

This  means  that,  even  if  no  reference  light  source  is  used  to  measure  the 
extinction  paraeter,  limits  on  emissivity  definitely  exist,  thereby  fixing  limits 
on  the  temperature  deteznined  from  the  observed  radiance.  This  fact  was  used  to 
good  advantage  in  motor  test  number  six,  since  from  Figure  a6, 

0.51  <c  <1.0 
P 

irtiich  fact,  together  with  the  measured  radiance,  fixed  the  particle  temperature 
between  the  limits 

2880*K  <T  <  3035®K 
P 
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II,  C,  Perticle  Cloud  blssirity  (coot.) 


2.  The  enlselTlty  cunre  le  prectlolly  Independent  of  the  particle 
site  distrlhutlon  used.  This  conclusion  l£  established  by  observing  the 
Ufferences  in  Figure  A3,  Y^^/Yt  rersus  Y^/V,  calculated  for  three  site  dlstrlbu> 
tions.^  The  actual  aean  particle  diaaeter  is  of  no  laportance  to  the  deteraination 
of  cloud  suisaiTity. 


3*  The  use  of  an  extrenely  Intense  light  source,  such  as  a  Q-svitcbed 
laser,  allows  narrow  lladts  on  eal'-^lrity  to  be  established,  eren  if  no  tr«"—<tted 
liri»t  firoa  the  besa  is  detected.  At  is  shown  in  Figure  A6,  if  for  the  conditions 
within  the  notor  chamber  (test  nuaber  six  again)  the  value  of  Yt/V  is  less  than 
1.3  X  lO^ca'*^,  the  transaltted  beaa  will  be  detected^.  If  the  transaitted  besa  is 
detected,  a  value  of  Y^/V  can  be  deteralned^  and  the  limit'*  on  eaissivlty  are  fixed 
by  the  two  possible  values  of  Y^/Yt  (corresponding  to  two  possible  particle  sizes. 

^  an  extinction  aeasureaent  at  another  travelength,  the  eaissivlty  is  fixed).  If  on 
the  other  hand,  no  transmitted  radiation  from  the  laser  pulse  is  observed,  the 
limits  on  eadsslvlty  are 


c(y^/V) 


)  <c  <c 
p 


Figure  A7  shows  the  sequence  involved  in  deteraining  the  particle 
and  gas  teaperature  from  the  Masuresients  made  on  the  cloud. 

D.  GAS  oassivm 


For  optically  thick  clouds,  the  gas  eaissivlty  presents  a  slightly 
different  but  no  less  difficult  problea  than  that  which  just  been  discussed. 
Since  line  ealsslon  is  the  characteristic  of  the  gas,  the  reasurcaent  technique 
presented  in  the  preceding  paragraphs  could  be  used  only  if  another  laser  is  used, 
emitting  at  a  wavelength  corresponding  to  the  center  of  the  spectnaa  line  of 
interest.  Such  a  device  is  not  practicable  at  present  and  may  be  theoretically 
iatposslble.  Instead  a  knowledge  of  the  gas  emissivlty  in  the  optically  thick 
region  is  deteialned  from  measurements  conducted  on  the  same  gas  in  an  optically 
thin  region  downstreaa. 


1.  The  three  size  distributions  ere  shown  in  Figure  37  of  the  main  body  of  this 
report. 

2.  The  lover  limit  on  detectable  transaitted  radiance  is  'vO.l  of  the  emitted 
radiance  from  the  cloud. 

3.  See  Flagnote  2,  Figure  A6,  as  an  example, 
k.  Flagnote  1,  Figure  a6. 
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n,  D,  G«s  Bd.ssi'rity  (eost.) 


Ibe  ipu  ealssiTity  la  the  changer  end  resoltii^t  tei^eretore  were  cal- 
enleted  for  wtor  teat  nvbcr  sis  ftoe  neaeiu'gunt  of  aodim  line  cwiaslTlty  la  the 
exbanat  pltae  of  actor  anaher  ei^it.  The  two  actors  were  of  identical  type  sad 
contained  propellant  trem  the  ssm  batch.  The  aasnnption  necessary  to  the  calcula¬ 
tion  is  that  the  nass  concentration  of  the  enittiag  species  be  the  sane  for  both 
the  optically  thick  rwRlan  end  that  region  where  the  aeasurcaent  ie  aade.  The 
deteninstion  of  gss  spectral  saissioe  coefficient,  given  by 

y  -  i  In(l-cg) 

S  * 

(for  optically  thla  regions)  is  extrapolated  to  the  optically  thick  tone  tfaroui^ 
the  aethod  shem  by  Boebele  (8).  Having  y  •  the  gas  ealssivlty  can  be  deteiained 
fToa  the  paraawters^  ^ 


Ky.  ♦Y.)  ♦  Y. 

*  •  A 


and  (liY.  ♦  Y.)  ♦  Y_1  t 


by  a  coqutational  technique  idiich  is  siailar  to  that  used  in  the  deteraination  of 
particle  cloud  caissivlty.  Swfa  a  coaputaticn  was  carried  out  for  aotor  test 
madier  six  which  resulted  in  the  stated  gas  teaperatures.  As  in  the  preceding  case. 
Halts  resulted  because  of  the  interdependence  of  particle  and  gas  ealssivlty  at 
the  spectruB  line  in  the  optically  thick  case. 


E.  aaoom)  assimftioks 


Because  of  the  ccaplexity  of  the  foregoing  presentation,  it  becoaes 
inciaibent  on  the  author  to  present  the  sssueqrtions  embodied  in  the  treataest  in 
a  concise  aanr-.r.  TYiey  are  the  following: 

1.  The  radiative  transfer  equation  is  extreaely  difficult  to  solve 
in  the  general  case.  The  determination  of  emissivity  given  in  Figure  A1  is  based  on 
the  assxasption  that  the  normal  albedo  of  the  scattering  medium  is  0.13  (3).  That 
is,  the  fraction  of  the  radiation  scattered  through  angles  from  90^  to  l80°  to  an 
incident  light  beam  is  0.13  of  the  Incident  radiation  frem  that  beam.  This  is  the 
so-called  "hack-scattered"  radiation;  the  value  of  0.13  la  adjudged  to  he  suffi¬ 
ciently  accurate  for  the  cases  under  study  here  (cf.  Figure  3U  of  the  report). 


1.  lote  the  similarity  to  the  paraaetera  used  in  a  determination  of  particle 
cloud  emisaivity. 


Page  8 


AFRPL-TR- 66-203.  Appendix  A 


II,  B,  Bibodled  AMVBptioaa  (eoat.) 


2.  TMpermtnre,  density,  or  pnrtiels  eooeentmtioo  gradients  are 
aaaoMd  not  to  «dst  in  the  rcelon  ondcr  study  here.  This  asav^ioo  is  not 
necessary  to  tbc  solntion  of  tlie  probloa.  tat  its  eliaination  a^  an  owarrasted 
ecaplaxity  in  rlev  of  other  lacertainties . 

3.  The  anss  fraction  of  particulate  natter  is  calctilatcd  frea  tbc 
propellant  properties  with  the  assuaption  that  the  systsa  is  at  theiaodyasale 
cqullibrloi,  i.e.  all  reactions  have  flone  to  coapletion. 

It  la  assiMd  that  there  is  no  radiation  froa  the  reftrence  lixht 
source  uhidi,  once  lost  ftaa  the  acceptor  covers,  is  scattered  back  into  the 
acceptor. 


f.  mismBawt  precisiob 

Vith  the  use  of  a  -svitched  laser,  the  particle  cloud  aalssivity  is 
seen  to  have  a  raaie  of  uncertainty  ehich  depe^  upon  uhether  apy  traaaaitted 
radiance  froa  the  laser  is  detected  across  the  pliae  or  cloud.  This  dtaraeteristic 
is  fhrthsr  seen  to  be  a  fuactioo  of  particle  sise.  If  the  aeaa  particle  diaacter 
within  the  observed  region  is  greater  than  1.00  or  less  than  0.05  the  beat 
trm  a  200  Mf  li^t  source  will  penetrate  tbc  pliae  and  be  detected.  The  greatest 
uncertainty  in  tsaperature  will  be  the  result  of  the  nakaown  particle  sise.  Further 
uBccrtalety  results  because  of  uncertainties  in  gas  and  solid  dsasity,  particle  nass 
nraetloa,  aad  particle  refractive  index.  The  best  estiaate  of  the  95f  coafldaace 
interval  about  particle  tanpsratiirs  is  given  in  Table  I.  idicre  all  these  factors 
are  coesldered.  The  estiaate  of  variance  for  tasperature  uas  datemiaed  frea  the 
relation 


1^  [Constant  ♦  Inc]  , 


1.  The  conditions  staown  bjr  flagnote  1  of  Figure  A6. 
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II,  F,  NMSiircaeiit  Rreeisioa  (coot.) 


TABLE  I 

95S  Oanfldenee  laterral  ebout  T  ■  2500”K 

P 

*73  ^  Laser  bew  penetrates. 

♦  9T  ^  Laser  been  does  not  penetrate. 

♦  175  *K  Laser  not  used. 

A  sinllar  uncertainty  ia  flsa  tea|>erature  vUl  result  because  of  the 
dependence  of  gu  eaissiTity  on  particle  ealssirity  at  hi^  optical  depth. 
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(Reproduced  by  pemlaslon  of  C.D.  Bartky  of  Aeronutronic,  Corp.) 


AFRPL-111-66-203.  AppeiUix  A 


Figure  A3 
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Figure  A5 


Fifur*  A6 


Particle  Cloud  Emissivity  vs  Extinction  Paraaeter  for  LM  Oxide 
Spherical  Particles •Deterained  for  Chaaber  Conditions  in  1KS-250 
Motor,  LM-2  Propellant*  Laser  Beaa  Penetration  Levels  are  Indicated 
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*  -  Wavelength  In  epectral  region  moved  froa  epectrue  line 

^2  '  Wavelength  correependlps  t«  epectxioi  line 

-  Wavelength  In  epectral  regien  for  reaoved  f rea  A. >  and  reaoved 
^  fraa  epectrua  line  ''' 


Sequence  of  Coaputatione/  Measureaents  Necessary  to  Deteraine 

Gas  and  Particle  Teaperature  froa  Extinction  and  Radiance  Measureaents 


Figure  A7 
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MIE  SCATTERIBG  THEORY  FOR 


spherical  particles 
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1b»  ftollowlaB  penMata  the  taaie  rMalta  «r  the  HU  thMiy 

for  sjiberloil  •oattarers.  Ikoi  this  theory  sa  IBI  709^  eoapntsr  profraa  has  bem 
vrltten  vhlcb  vlll  pszalt  rapid  •anexatloo  of  seattarlac  dlactaas  and  cross  sections. 
Ihe  eoaputer  progzaa  Is  presented  at  the  end  of  this  treatasnt. 

Ibe  scattered  lldbt  lotenslty  at  an  ai^le  0  to  the  Ineldeot  light  bean  for 
the  tvo-pLuw  polarised  components  and  the  restOtant  are  given  by  the  foUovlng 
(see  Figure  1)  (Beferenoe  1). 


Light  Intensity  In  plane  of  observation: 


I,  oc  ai  * 


^1  “ 


1^  ( ® »  *»  0  ) 


2 

k  r 


(■<1  1) 


Light  Intensity  perpendicular  to  plane  of  Observation: 


oc  a. 


Ig  (o,  a,e) 

\  “  jTT  ^0,2 


Resultant  (total  Intensity) 


I 


+  1, 


2  2 
2  k  r 


I 

o 


(Bl  2) 


(Bq  3) 


♦See  Bbmenclature  for  definition  of  eynhole. 
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(tw 


,2 


n  ■  1 


00 


(Bq  k) 


lj(a,.,6  ).  {»’.  ■'.{CO.  e)*.^  T„(».e)7  / 


(Bq  5) 


*n*  \  lettering  eeeffieleiitx.  defla»l  by 

a  -  V  (■«)  8„  (g)  -.S^*  (a)8,  (■«) 

■Sq*  (-a)  (a)  -  (a)  8^  (»  a) 


(Bq  6) 


.  ."Jn'  (a)8„(.a) 

■®n'  «^n  •  <»n'  <«> 

(2)  •  S„  (Z)  +  1  (Z) 

C„  (2)  -  (-1)°  JnZ/2  J.(„^(Z) 

(Z)-  Jnz/2  (z) 

’'n  --515-0  (<=«e) 

Tn  (cosG)  p^l  (cose) 
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(coa  6  }  it  an  attoeiated  Legendre  polynoilnal.  In  the  genexal  oaee,  a, 
the  ratio  of  the  index  of  refraction  of  the  eeattering  aediw  to  that  of  the  but- 
rounding  aediia,  ia  coiqtlex,  i.e., 

a  >  n  in  (»l  8) 

Ihe  above  aet  of  e^,  ’  oa  can  then  be  aolved  for  i^,  i^  for  the  given  vaJuea 
of  a  ,  a  at  each  value  of  ti  . 

Ow  aoattering  and  abaorption  croaa  aection  are  related  to  the  apectral 
reflectivity  and  apectral  abaoxptivity  aa  abown  in  Appendix  A.  They  are  related  to 
the  aoattering  coefficienta  through  the  fcUowing  equationa 

oo 

n  >  1 


00 

“  “  ^  (Bl  10) 

For  a  diatribution  of  particle  aizea,  the  frequency  function  f  (  a )  is  used, 
which  represents  the  noraalized  frequency  at  which  a  particular  a  occurs  in  a  saaqple. 
The  following  equations  might  prove  helpful  in  defining  the  frequency  function 


the  mean  a 


(Bq  11) 


(Bq  12) 
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The  effective  cross  sections,  then,  are  given  by 

yTT^-  f  r.(«)M.)d.  .  T,,. 


(Eq  13) 


Y.  (o)  f  (o)  da  -  Y^  . 
a  p,a 


(Eq  1^) 


Further,  the  effective  1^  for  a  distribution  of  particle  sizes  are  given  tv 


Tifm*  /"  ^ 


d  a 


(Eq  13) 


17117 


00 

/ 


I9  (  a,  0)  f  (  o)  d  “ 


(Eq  16) 


The  above  Integrals  are  evaluated  by  using  Simpsons  rule: 


f  (x)  dx  =  I  [f  (o)  +  4  f  (x^)  +  f  (x^)  +  ...  f  (x^_2) 

+  2  f  (Xg)  +  f  (x^)  +  ...  f  (x^_^)  +  f  (xjj  (Eql?) 


y  =  X 


vhere  n  Is  odd,  and 


h  =  X  -  X  , 

n  n-1 


Bie  ccxnputer  programs  vhlch  have  been  vrltten  around  these  equations  are 
Included  here  as  Table  I,  (Reference  2). 
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■OBBCmORE 


f  (o) 
b 


•cfttteriog  coefficient,  tee  p.  2 
■cAttering  coefficient,  aee  p.  2 
fzequency  function 
increaratel  distance 
incident  light  intensity 

plane«polarlxed  coaponent  of  ll^t  intensity  in  plane  of 
observ ,  tion 

plane«polarlzed  coaponent  of  ll^t  intensity  perpendicular 
to  plane  of  observation 

Bessel  Function  of  first  kind,  half  order 

vave  n«*>er,  2  ^ 

Index  of  refraction 

Associated  Legendre  polynomial  of  the  first  kind 
distant  from  scattering  volume  to  detector 


Greek 

a 

Y 

8 

y 

a 

\ 

e 


ttb/X  ,  particle  size  parameter 

absorption  cross  section,  spectral  absorption  coefficient 
scattering  cross  section,  spectral  scattering  coefficient 
vavelength 

angle  from  line  of  observation  to  line  of  incident  radiation 
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TABLE  I 

OOffUTEB  PROSMM  fOB  CALCULATING  »£  SCATTEUNG  INTBISITIES 


C  eROSfiAX  93l«»  MIE  tCATTERIMB  IMTEMStTlEt  NITN  OISTRIRUTIM  9301 

C  rOR  «.  ADANt  OERT.  4639  BLOB  2Bt*  EXT  9«7641  9301 

C  PAOBBAM  FCB  CALCULATIMB  N|E  tC*TTEB|NB  IMTEItBITIEB. ADA  «9|4I9  9391 

in  FCBPATfFie.t)  9391 

29  FCRPAT(2ri9.4.ll9)  9399 

39  FCRPATf  ?0H1  AVEBAfiE  ALPHA  ■  F7.4.19M  tTO.  DEV.  ■  F7.9/  9399 

12tM|  INCEX  UF  BEFBACTIOH  •  F9.7  «  3H  •  Fl2.««  3n  I  t  9399 

49  FOBpaTi  91M9  ALPHA  DEMtITV  CBOBB  SfCTIOMB  *  tO.  CH./  9399 

1  99H  FUMCTIOM  ABBOBPTION  BCATTEBIMB  /1H9  t  9399 

99  FCBPaT  f  47H9  IMTEBSITV  FUNCTIOMB  /  9399 

172MI  amsle  pebpemdiculab  Parallel  9399 

2  total  t  9399 

69  FCBpaT(4X.F7.4.9X.F6.4.4X.E12.9*3X«E12.9  »  9399 

79  FOBHATf 1H0FI.1.9E21.9I  9399 

B9  FCBPATfFB.l«3E21.9i  9399 

99  F0RhaT(i7H9  MAVELENETn  >  F7.9*  9H  HICBOMS  /  31H9  ABSORPTIOM  C9399 
iBOtB  SECTIOB  ■  E12.9.12H  tOUABE  CH  /  31He  BCATTEBIBB  CROSB  9309 
2BECTICII  •  E12.9.  12H  tOUABE  CH  t  9399 

CCHP06  P|.rAU«C«t  9300 

DIHEMSIOM  PI(299I.TAu(209t.C(299t*tl29t  >.PI209»>2(2B9«*LI290>«  9399 

lABEALl 7001. A|HAfi(290i. BREAL(299l*BlHA8l290>.BBEAL(P90».BtNA«(299>. 9309 
2A9BLE<37ei.TC0S(37AI.0PI(299l*DEI>B(19I.Xlin».pp|(i  0.3791.  9399 

3PLI  ( 19. 379 1.  TPBI  <10. 379 1.  VPLI  09. 3791. fiAMt(10l.BAMA(191.TBANA(10 1.9309 
4Ph|A(3701.PLI«(3791.TLlA(3791.VBAHSI191  9399 

C  define  all  ANBlES  9399 

*X0lE<1 1*0.9  9399 

00  109  P*1.369  93C9 

RsH*!  9399 

191  ANfiLE<Kl*ANfiLE(K«ll«0.9  9309 

HFOOB*  <3.1 419929999793241/3*0 .0  9309 

BEAD  INPUT  TAPE  9.10.CONV  9309 

im  BEAD  INPUT  TAPE  9.20.U.V.INO  9399 

BEAD  INPUT  TAPE  9.20.XLANO*  9399 

U*0  9309 

120  BEAD  INPUT  TAPE  9.20. ALPHA. FRED  9309 

|F<ALPhA1290.299«130  9300 

130  J*J«1  9300 

X<J1«ALPHA  9309 

0EN8<ul*F«iE0  9309 

N*0  9300 

140  DCON8*U**2«V**2  9300 

DREAL*U/PC0N8  9300 

D|MAa*V/DCONS  9300 

8INHa<FXPF<2.*ALPHA*VI-EXPF<-2.*ALPHA*Vll/2.  9300 

CCSHa<EXPF<2.*ALPHA*Vl«EXPF<>2.*ALPHA*Vll/2.  9300 

0C0N8aCCSH-C0SF(2.«ALPHA*UI  9300 

aREAL<l |aSINF<2.*ALPHAaUI/0C0N8  9300 

aiHAOIllaSINH/OCONS  9300 

C  CALCULATE  BESSEL  FUNCTIONS  9300 

SdlaSINFlALPHAl  9300 

C<llaCOSF(ALPHAl  9300 

S<21a£(ll/ALPHA>C<11  9300 

C<21aC(ll/ALPHA«S(ll  9300 

Na2  9300 

ITESTai  9300 

SO  TO  160  9309 

C  CALCULATE  NEW  BESSEL  FUNCTION  9300 

190  |TESTa2  9300 

NHlaN-1  9300 

NH2aN*2  9300 

TNNaNHl  9399 

TNaTNK  9309 


1 

2 

3 

4 
9 
9 

7 
B 

9 
.9 
1 
2 
.3 
.4 
.9 
.9 
.7 

8 
.9 
!B 

11 
!2 
!3 
!4 
!9 
!7 
’■» 
'9 
>0 
>1 
>2 
>3 
>4 
19 
>9 

17 

18 
>9 

10 
11* 

12 
>3 

i4 

19 

9 

7 

9 

9 

0 

1 

7 

3 

>4 

<5 

>9 

7 

9 

9 

9 

>1 

2 

3 
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TATJ  1  (cont.) 


C  C«LCUL«T{  «  AND  • 

16«  riNMA'l 
L<NI«fc>l 

{IIE«L«l9.*^INi-l<i  «DaE«L/«LPM«»ME«L  IN-1) 

fIN«aal9.*NlNI-l.l*DIN«a/«Lmi«-0lN«8lN-l) 

OCOhSaf RE«L**2«E |N«S**2 

OREALlNlaENEAL/SCONS 

BlNAQINI«-ElN«Q/SCONS 

MRE«L*U*aftEALINI«V*SlN«aiN) 

NlNAQ«u*aiN«6<NI-V*6REAL(N) 

OIIEALaH|IE*L*CtNI-C(N-ll 

0IN«aaM|NA8*C<NI 

IIRE«L«MIIE«L*S<NI-t<N-ll 

R|H«aaM|N«6a$INI 

SC0NSaME«Laa2«R|NA6aa2 

SREALaiCREALaMEALaOlNASaRlNAei/SCONS 

S I NAQa ( Q 1 r  «SaRRE«L-ORE  «L*R I NAB ) /SCONS 

BCOhSa (1 , -S I NAB  I •a2«SBEALaa8 

BREAL(N|a(i.-SlNABI/BCONS 

BINABINia-SSEAL/BCONS 

TREAL«OREAL*Bf)EAL<NI-OlNAB*aiNABiN) 

TlHABa0|NABaBREALINI«0SEALaB|NA6lN) 

USE AL  *0 1 N I • 1 1 . -ORE ALaa2«  D | NABa*2) / ALRN A 

U1 NAB«-2 . I N I •ORE AL*0 I NAB/ALRHA 

VREAL«TREAL*UREAL 

V|NABaTlNAB«UINAB 

UREALavREALaCINI-ClN-ll 

UlNABavINABaCINI 

XREAL«VREAI.«SIN)-SIN-1) 

XlNABaviNABaSIN) 

YC0NSaxREAL*«2*XINABaa2 

VREAL*<llSEALaXREAL*HINA8aX|NAB)/VeONS 

V I  NAB* I b I b ABaXRE AL-HRE ALaX INAB ) /YCONS 

AC0NSail.-TINA6la«2*VREAL««2 

AREALINIall.-TINABl/ACONS 

AlNABINia-VREAL/ACDNS 

NCALaN 

BO  TO  ll70.1B0)fITEST 
C  define  NEb  ANBLE 

170  NaNal 
TaN-1 

TCOSlNlaCCSFlTaHFDBRI 
c  calculate  pi  and  TAU 

Pllllan.O 

PII2lai.O 

DPIltiaO.O 

DPII2laO.O 

TAU<29aTCCS(M) 

Na2 

SARPaO.O 
SARTaO.O 
SBRPaO.O 
SBRTaO.O 
SAIPaO.O 
SAITaO.O 
SBiPaO.O 
SBITaO.O 
80  TO  190 
IBC  NMlaN-1 
Nh2aN-2 


93006  64 
93006  69 
93016  66 
93006  67 
93016  60 
93006  69 
93006  70 
93016  7i 
93006  72 
93006  73 
93006  74 
93006  79 
93006  76 
93006  77 
93006  70 
93006  79 
93006  Bo 
93006  Bl 
93006  02 
93006  03 
93006  04 
93006  09 
93006  06 
93006  07 
93006  OB 
93006  09 
93006  90 
93006  91 
93006  92 
93006  93 
93006  94 
93006  99 
93006  Fl 
93066  .7 
93006  90 
93006  99 
93006100 
93006101 
93006102 
93006103 
93006104 
93006109 
93006106 
93006107 
93006100 
93006109 
93006110 
93006111 
93006112 
93006113 
93006114 
93006119 
93006116 
93006117 
93006110 
93006119 
53006120 
93006121 
93006122 
93006123 
93006124 
93006125 
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TAM.E  1  (coot.) 


TkNaNPI 

93000110 

TkaTNh 

93000117 

nilliiaTCOSCMia(t.|arN-1.0iaeilNMll/ITN>1.0)>TNaEIlNMt)/(TN*1.0) 

930001tS 

Df’IlN>a(S.|aTN*t.liae|(NMll*Orl(INIt> 

930|01t9 

T«U(NtaTCC8(Miaei(NI«(1.0>TCOtlNiaatiaDEIIM) 

93000190 

CALCULATE  SERtiS  FOR  11  AMO  It 

99000191 

RIN)ak-i 

93000l9t 

ZINialt.aRCNi*l.l/(RlNla(R(hl*l.l| 

93000139 

ARRaAREALINIaZlNIaRI  INI 

93000194 

93000119 

ARTa AREAL (NIaZINlaTAUlNI 

93000190 

SARTaSART«ART 

99000137 

93010131 

SRRRaSRRR«iNR 

93000190 

RRTaSREALINlaZINIaTAUlNI 

93000140 

SSRTaSRRTaSRT 

99000141 

AIRaAIMAOtNIaZINlaRIINl 

99000141 

SAIRaSA|R*A|R 

93000143 

AITaAlMAOINIaZlNIaTAUlNI 

93000144 

SAlTa8A|T«A|T 

99000149 

SIRailNAOlNIaZiNlaRKNI 

99000140 

S8IRaSlllP«RlR 

99000147 

OITaRlMAOlNIaZlNIaTAUlNl 

99000141 

SSlTaSR|T*R|T 

93000140 

RRKJtHia  l$ARR*StRT|aat*|S*|e*ttlT)aa2 

93000190 

RLl(J<Ria  ISART*SSRRlaa2*|tAiT*tt|Plaat 

93000191 

OPR  1  a  URPaiRT  1  aa|*  u  I  MS  1 T 1  aaf 

93000192 

OPL|aURT«BRPIaa2*IA|T*SIPlaat 

93000193 

converoerce  test 

93000194 

Rla0PR|FPR|(U>NI 

93000199 

R2aDPLIFPLIIJ>RI 

93000190 

|F(Rl«C0NVIti0«800«S10 

93000197 

son 

IF(R2*C0NVItS0«St0.Sl0 

99000190 

SERIES  NOT  YET  CONVERSED 

99000190 

Sin 

NaN«l 

93000100 

|FINCAl«NI190>1I0«1S0 

93000101 

CONVEROEO'OO  TO  NEXT  ANCLE 

99000102 

ssn 

|F|a-3«lll70.S30«S30 

99000103 

S30 

VANao.O 

99000104 

TSNao.O 

99000109 

DO  240  Na2,NCAL 

99000100 

CCa2alN>ll«l 

99000107 

rANaYAN«CCa(AREAL(NI«BREAL(NI-AREAL(N)aat>AIM«OIN|aa2«SREALINlaa|  93000100 

1 

L>S|MA6lNla*2l 

99000100 

son 

Y8NaYSN«CCa(AREAL(N|aa2«A|MASlNlaa2*SRCALIN)a*2«SiMAeiN)aat> 

93000170 

YLAHOAaXLAMOAFlOOOO. 

93000171 

QANS 1 J 1 a YL AMOAaa2ar 8NF ( 2 .•HFDSRa300 • 1 

93000171 

SANA IJ 1  a Yl AND Aaa2ar AN/ ( 2 .aMFDSRaSOO . I 

93000173 

SO  TO  120 

93000174 

Sjfl 

jFINALaj 

99000179 

TajFINAL-1 

93000170 

Ha;xigFlNALI-Xllll/T 

93000177 

DO  200  pal, 301 

93000176 

SEPPiao.O 

99000170 

SOPRlao.O 

93000100 

SEPLMO.O 

930001S1 

SCPLiaO.O 

930001S8 

DO  200  jal.jFlNAL 

930001S3 

YPR|IJ,P)aPR|(J«P|aOEN8(JI 

930001S4 

S6fl 

YPLI(J,P)aPLI(3«M|aOENS(JI 

990001S9 

IIajFINAL«l 

930001SO 

YPR|III,NlaO.O 

930001S7 

Pige  9 


n  n  D 
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TABLE  1  (cont.) 


ypliiii.h)*o.o 

DC  27C  jal.jriNAL.? 

SEP»I>SEPRI*rPR|lj*l.Mt 
SCPIII>SOPRI*rPP|IJ.Mt 
StPLI«SEPLI*rPLI<J*l.Mt 
270  SOPLtaSCPLl*rPLl(J.Mt 

PPl«IP)alP/3.0)«l4.«SOPai*2.*SEPIIIt 
PLIAIP)al»>/3.etai4.aS0PLI*2.aSEPLIt 
2en  TLIAIP)alPR|AiM|*PLIAlNn/2. 

IPEAH*  0.0 
DO  290  jal.jFlNAL 
294  KPEANaKt>tAN*lt JiaOENSlJtaN 
SI«2a0.0 

DC  300  jai.jFINAL 

300  SI02aSl«2*(l(Jt*XHEANtaa2aDENt(JtaN 
SI0PAaS0RtF(SIS2t 
SbOAHAaO.O 
ROOAHAaO.O 
SEOAMSaO.r 
SCOAHSaO.fl 
DO  310  jal.JFIXAL 
rSAPAIJtaCANAlJtaOENStJt 
310  VSAPS(JtaSAHS(J|aOENSlJt 
YSAPAlIItaO.O 
VSAMSdItaO.O 
DO  320  jai.jFINALf2 
SECAMAaSESAMA*rOAHA(J«ll 
SCeAMAa30«AHA«V6AHA(JI 
SE0AHSaSECANS«r6AMS(J*ll 
320  800AMSaS0CAHS«r«AMS(JI 

OAa(H/S.|a(4.aS00AHA*2.a$E«ANA> 

«Sa(H/3.ia(4.a$OOAPS*2.aSECAHS> 

WRITE  OlTFUT  TAPE  6.30<XNEAN.SfSNA*U.V 

WRITE  OCTFUT  TAPE  A.90<XIAMDA,«A*«$ 

WRITE  OUTPUT  TAPE  6.40 

WHITE  OUTPUT  TAPE  6.60< ( X(UI .DENSI Jl.gAHAI J> .OAHSC J>. Jal. JFInAL  > 

WRITE  OUTPUT  TAPE  6.90 

WRITE  OUTPUT  TAPE  6.70. ( AN«LEf NI.PRI AIN) .PLI ACH) . TL I  AIM) *Nal, 361) 
call  LPLOT  IANOLE.PLIA.PRIA) 

00  TO  1110.330). IND 

330  WRITE  OUTPUT  TAPE  R.OO. I ANOLEtN).PNI AIN) .PLI ACN) .TL I AIN).Nal,361 ) 
340  OC  TO  110 
END 

SUOROUTINE  LPLOT  I  ANCLE. PL. PR) 


93006180 

93006189 

93006190 

93006191 

83006192 

93006193 

93006194 

93006199 

93006196 

93006197 

93006198 

93006199 

93006200 

93006201 

93006202 

93006203 

93006204 

93006209 

93006206 

93006207 

93006208 

93006209 

93006210 

93006211 

93006212 

93006213 

93006214 

93006219 

93006216 

93006217 

93006218 

93006219 

93006220 

93006221 

93006222 

93006223 

93006224 

93006229 

93006226 

93006227 

93006228 

93006229 

93006230 


DINSNSION  AN0LE<370).PL<370).PR(370).PLPI361).PRPI361). 

1  AXESi4).TITLE<6) 

AXE8ll)ai*6H  ) 

AXESI2la(«6HAN«LE  ) 

AXE8l3)a(*6HL6  PLa| 

AXE8l4)a(«6Hl.PRa2| 

TITLEIlla(*6H  ) 

TITLEI2|al«6H  ) 

TITLEI3la(*6HPROORA) 

TITLEl4)a|«6HN  9300) 

TITLEI9)al«6H6  ) 

TlTLEl6la|«6H  ) 


FIND  MAX.  NIN  VALUE8 


FHAXa-lOOOO. 
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rAK.E  1  (cont.) 


rniba-rMAX 
00  sit  laltSIl 

FLI  (I  I  a .  434aM4lt#L0«r  <n.  c  I  n 
MI(|ia.434at440aHO«riMCln 
IF  (FLFdl-FNIN)  lll.lll.ltl 
111  FHIbalLFtli 

119  IF  (MFIII-FNIHI  ISIflSO.lSI 
ISn  FMIhaFMIII 

139  IF  (rK*l-FLF(|n  14t.lSI.lSI 
149  rXAIaFLFdi 

1S9  It  (FDAI-FRFlin  ltt.2lt.Slt 
Itt  FMtlatMdi 
211  CONTlhUf 

CALL  FLOT  OOUTINtil  •  2  CMlyfl 

call  FtAHf  UMLi.ANOLilStll.FNIN.FMAl.Alit.AVillSI.TirLE.l.'l) 

CALL  CUtVS  lAMLi.FLF.Stl.-il 

CALL  CUtVt  UNttLi.FOF.Stl.m 

RfeTUtA 

CAD 

•  DATA 
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XT  PLANE  -  HiANE  OP  0BBSK7ATI0N 

^11  Ag  -  COMPONENTS  OF  VECTOR  WHICH  DEFINE 
DIPBCTION  AND  AMPLITUDB  OF  THE 
PHIIODIC  MOTION  OF  THE  OSCILLATIND  CHARGE 


Diagram  of  Scattered  Light  Intensity 
Figure  B1 
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appendix  C 

PROPERTIES  OP  PROPELLANTS 


PROPERTIES  or  PROPELLANTS  (u) 


CONFiOENTIAL 
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(1)  KE  oxidizer  tlend  is  65/5  +  mesh  NHj^ClOj^,  35^  iinground 

(2)  HG  oxidizer  hlend  is  8055  ungroxind  NHi  CIO.  ,  2055  high-speed  Mikro  Pulverizer  grouitid 
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DESCRIPTION  OF  ROCKET  MOTOR  TEST  HARDWARE 
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I.  AHCILLABY  EQUIPMEHT 

Following  is  a  description  of  the  complete  instrumentation  siQ>port  package 
and  layout  of  ancillary  equipment  which  allows  simultaneous  measurements  to  be 
made  in  the  chamber  and  at  two  positions  in  the  exhaust  plume,  during  live  motor 
firings^  This  eastern  is  shown  schematically  in  Figure  D-1. 

Sin:*  the  firing  duration  of  the  test  motors  was  about  1  sec,  autcanated 
techniques  for  high-speed  spectral  measurement  of  whree  locations  and  one  reference 
position  was  p^-ovided  for  the  first  two  tests.  The  temperature  measurement  tec'nnique 
was  similar  to  that  described  for  the  laboratory  exi>erlments ,  but  high-speed  optical 
switihlng  between  the  three  selected  measurement  locations  was  Included. 

A.  SYSTEM  FOR  MOTOR  nRIHG  STUDIES 


The  experiments  consisted  of  10  mlllisec,  20  Angstrom  scans,  in  the 
applicable  wa'/e  band.  The  data  was  recorded  on  a  CEC-type  oscillograph  for  manual 
data  reduction.  Each  data  scan  was  preceded  and  followed  by  a  calibration  scan 
with  the  radiance  of  the  carbon  arc  at  known  brightness  temperatiure  used  as  u 
standard  Three  measxirement  positions,  one  in  the  combustion  ch'imber  and  two  in  the 
exhaust  plume,  were  selected. 

The  three  measurement  positions  and  one  reference  position  are  represented 
in  Figure  D-1  The  carbon  arc  was  mechanically  positioned  so  that  its  radiance  was 
directed  to  each  of  the  three  measxirement  locations  over  identical  optical  paths  by 
the  rotation  of  the  optical  sampling  scanner  (Figure  D-2).  The  two  optical  sampling 
scanners  were  driven  by  the  same  motor  connected  by  flexible  shafts  to  provide  for 
their  sy-.ohrcnization.  The  fourth  optical  path,  running  past  the  forward  end  of 
motor  B,  :n  Figure  D-1^  provided  unattenuated  system  calibration. 


To  avoid  interference  caused  by  acoustic  or  mechanical  vibration  from 
the  test  motor,  fiber-optic  light  guides  consisting  of  bundles  of  individual  optical 
fibers,  0  003  in.  in  diameter,  were  used  for  transmission  of  light  from  the  test 
motcr  tc  the  optical  sampling  scanner.  Each  fiber  has  a  core  of  1.62  index  glass 
emd  15  coated  with  1,52  index  glass  to  serve  as  optical  insulation  emd  thus  protect 
the  re.*ected  surface  of  the  core.  This  combination  of  indices  provides  a  numerical 
aperture  (N  A  )  of  0,5 

the  test  stand  :s  illustrated  in  Figxire  D-3. 


The  general  airangsuent  of  the  special  test  equipment  in 


Each  measurement  location  was  scanned  twice,  the  first  scan  with  the 
carbon  arc  radiation  imposed  on  the  gas  and  the  second  scan  without  any  comparison 
light  source.  The  scan  synchronization  was  as  shown  in  Figure  D-U. 


B.  DATA  RECORDING 


Data  which  were  recorded  during  each  firing  Included  the  information 
from  the  phototube,  the  scanning  arm  position  indicator  signal  (AX),  the  thrust, 
and  the  chamber  pressure. 
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I,  B,  Data  Recording  (cont. ) 


To  provide  highly  accurate  tenperature  analysis  over  the  broad  range  of 
potential  teiQ>eratures ,  the  data  were  recorded  simultaneously  on  seven  oscillograph 
channels  vith  gains  of  2  to  100,  two  of  vhich  were  biased  to  allow  high  resolution 
of  peaks  in  signal.  To  avoid  saturation  of  overranged  channels,  the  input  to  the 
individual  record  amplifier  was  equipped  with  Xener  diod^  circuits,  ranged  to 
effectively  short  the  amplifier  input  after  full-scale  signals  were  reached.  The 
ccoposite  tenperature  data  contained  an  equivalent  electrical  spectrum  ranging  from 
dc  to  5  kc. 

II.  DESCRIPTIOH  OF  TEST  MOTORS 

A.  DESIGN  CALCULATIONS  FOR  lKS-250  MOTOR 

lKS-250  motors  fired  for  an  interval  of  about  1  sec  have  been  successfully 
used  to  economically  assess  specific  impulse  for  new  propellant  formulations.  There¬ 
fore,  this  motor  design  with  suitable  modifications  to  permit  chamber  temperature 
measurements,  was  chosen  for  this  program.  The  motor  burning  time  was  set  at 
approximately  1  sec,  and  the  average  chamber  pressure  was  set  at  600  psia.  This 
was  done  to  avoid  the  low  specific  impulse  efficiencies  associated  vith  low  chamber 
pressures,  especially  with  the  IM- 2  and  IME-2  propellants. 

In  the  Interest  of  simplicity  a  cylindrical  grain  design  wais  chosen 
which  yields  a  progressive  pressure-time  curve.  The  ruijge  of  pressures  and 
calculated  durations  for  the  three  propellants  chosen  are  shown  in  Table  D-I.  The 
nozzle  throat  diameter  was  calculated  from  the  continuity  equation  based  on  mid¬ 
web  conditions  for  burning  surface  area 

*  ■  (E,7) 


where 


r  = 


9 


and  C^,  K  and  a,  are  constants  for  the  spe:.jfic  propellant  used. 
Therefore; 

A  ^ 

t  *  C  .  .n  (Eq  8) 

*  p 

*c 
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TABLE  D-1 

MOTOR  0ESIG9  PARAMETERS 


Propellant  Type 


A«P-2969 
(Al. ) 

A]IP>2991  Mod  lA 
(3el 

AIIP-3130 

(BeHg) 

Grain  Dimensions 

OD,  in. 

2.25 

2.25 

2.25 

ID,  in. 

1.50 

1.50 

1.30 

Length,  in. 

8.00 

8.00 

8.00 

Web,  in. 

0.38 

0.38 

0.U8 

Motor  Parameters 

P^  range,  psia 

363  to  650 

U1*0  to  780 

320  to  1000 

P^  average  (mid  veb),  psia 

500 

610 

600 

Duration,  sec 

1.69 

1.7l» 

0.71 

Nozzle  Dimensions 

D^,  in. 

0.500 

0.500 

0.750 

D. ,  in, 

1.35 

1.35 

2.00 

Expansion  rat:o 

7.3 

7.3 

7.H* 

Entrance  hedf  angle 

‘♦5 

•♦5 

Exit  half  angle 

15 

15 

15 

Throat  radius  of  c\iryat\ire 
index 

0.50 

0.50 

0.75 

Exit  pressure  range,  psia 

(min) 

6.9 

10.8 

8.1 

(max) 

9.5 

19.1 

25.2 
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II,  A,  Design  Calculations  for  lKS-230  Motor  (cont.) 


Where  throat  diameter  Is  based  on  mld-veb  conditions,  such  that  A^  «  and 

P  *  P 
c  c 


Ka 


- r 

—  (l-n) 


h 


(Eq  9) 


The  maximum  and  minimum  pressures  occur,  therefore,  at  maximum  and 
minimum  values  of  the  burning  surface  area. 


/rrd  L  Ka 

J5 _ 

K  c 

t  w 


.(1/1-n) 


(1/1-p) 


\  i 


where 


B, 


»L  xa 


\(l/l-n) 


In  view  of  the  simplicity  of  the  grain  (cylindrical.  Internal  burning),  the  motor 
burning  time  (t^)  was  estimated  from 


(Eq  10) 


Beised  on  the  one-dlmenslonal  compressible  flow  tables,  the  exit 
area  was  calculated  for  the  mld-veb  condition  or  average  chamber  pressxire  (p^) 
assuming  lU.7-psl  exit  pressure  (pg),  and  the  corresponding  value  of  specific 
heat  ratio  (y)  for  each  propellant.  Using  this  value  of  exit  area,  the  exit 
pressure  at  the  start  of  firing  and  at  the  end  of  firing  was  calcu}.ated  eind  the 
minimum  exit  pressure  checked  to  ensure  that  nozzle  flow  would  not  separate. 


These  results  are  summarized  In  Table  D-I  where  It  can  be  seen  that 
the  Identical  nozzle  and  propellant  grain  design  are  used  for  both  the  alumlnum- 
and  beryllium-propellants.  This  nozzle  was  first  designed  for  the  beryllium 
propellant  In  accordance  with  the  aforementioned  technique,  then  checked  for  the 
aluminum  propellant,  AKP-2969.  This  then  allowed  both  the  aluminum-  and  beryllium- 
propellant  test  series  to  use  Identical  hardware.  The  beryllium  hydride  propellant 
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II,  A,  Design  Calc^xlations  for  lKS-250  Motor  (cont.) 


to  be  used,  ANP-3130,  required  separate  designs  for  the  nozzle  and  propellemt 
grain  A  thicker  grain  web  (smaller  ID)  was  required  to  cbtaii'.  a  duration  of  0.71 
sec  because  of  the  high  burnips  rate,  and  a  larger  throat  diameter  required  to 
obtain  a  reasonable  pressure  range  using  a  grain  midpoint  pressure  of  approximately 
600  psia. 


B.  DESCRIPTIOH  OF  TEST  EQUIPMENT 

The  test  motors  chosen  for  use  in  this  program  were  modified  1KS-23C 
motors,  containing  about  1  lb  of  solid  propellant.  The  motor  modifications  were 
made  to  the  aft  closure  region,  downstream  of  the  internal  burning  grain,  to 
accommodate  treuisparent  viewports  which  were  used  in  the  chamber  temperature 
measurements.  These  are  shown  in  the  cutaway  drawing  of  Figure  D-5* 

Nozzles  were  fabricated  from  ATJ  graphi'*^:.  The  ends  were  contained  by 
V-ltU  rubber  spacers  both  to  allow  for  linear  thermal  expansion  and  to  seal  against 
gas  leakage  along  the  graphite  external  diameter.  These  were  enclosed  by  a  two- 
piece  steel  aft  closure. 

A  plenum  chamber  was  provided  between  the  end  -^f  the  propellant  grain 
and  the  nozzle  approach  which  contained  adjustable  viewports,  l80°  apart,  for 
particle  and  gas  temperature  measurements.  For  some  of  the  tests,  the  chamber 
modifications  also  included  a  second  pair  of  windows  for  light  scattering 
measurements,  located  approximately  63°  from  the  afoi  anentioned  viewports.  All 
of  thes'  transparent  windows  or  viewports  were  adjuf  table  inward  from  the  chamber 
inside  diameter  to  approximately  a  l-in.-dia  circle. 

The  viewports  contained  a  transparent  quartz  window,  focusing  lens, 
miscellaneous  positioning  devices,  and  the  fiber  optic  bundles  or  light  guides. 
These  viewports  were  used  to  carry  light  to  the  chamber  from  the  carbon-arc  light 
sourcel  and  to  carry  either  reflected  or  refracted  light  from  the  chamber  to  the 
spectrometer  It  was  necessary  to  incorporate  a  focusing  lens  between  the  quartz 
window  and  the  fiber  bundles  to  focus  the  entering  light  and  to  minimize  the 
entrance  light  losses.  The  completed  design  is  shown  in  Figure  D-5. 

C.  LOCATION  OF  EXHAUST  MEASUREMENT  STATIONS 

Definition  of  the  exhaust-plume  temperature-measurement  stations  for 
this  program  required  consideration  of  three  basic  factors.  The  first  is  that 
to  obtain  reasonably  representative  values  of  vacuum  specific  impulse  from  these 
motors,  the  nozzles  should  have  expansion  ratios  sufficient  to  allow  full  expansion 
of  the  exhaust  from  chamber  to  ambient  pressure.  The  second  consideration  is  to 
obtain  a  true  measurement  of  specific  impulse,  flow  disturbsinces  created  by  the 
fiber  optic  bundles  or  light  pickups  must  not  be  felt  within  the  nozzle  exhaust. 
Third,  the  pickup  must  be  located  so  as  to  obtain  measurements  in  a  region  in  which 
temperature  equilibrium  exists. 


Only  for  the  first  two  motor  tests. 
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II,  C,  Location  of  Eidiaust  Neasureaent  Stations  (eont.) 


To  satisfy  these  considerations.  It  was  necessary  to  locate  the  pieki^ 
at  positions  dovnstreaa  froa  the  exit  plane  and  outside  of  the  exhaust  pluse  to 
SToid  Influencing  the  nosxle  pressure.  Further,  since  cosiplete  temperature 
equillbrlvB  will  not  exist  at  or  immediately  downstream  of  a  shock  ware,  the  picki;^ 
should  be  located  at  stations  upstream  of  the  initial  normal  shock  or  Vlach  disk 
existing  in  the  exhaust  pltme. 

To  select  the  specific  measurement  stations,  then,  it  was  necessary  to 
determine  the  Jet  plume  flow,  including  the  location  of  the  Mach  disk,  for  each 
of  the  motors  to  he  tested.  The  minimum  distance  fT^om  the  nosxle  exit  plane  to 
the  Mach  disk  for  the  lowest  pressure  case  was  initially  estimated  to  he  1.^  exit 
diameters  or  approximately  U  throat  diameters  throu^  preliminary  calculations. 

These  were  rerlfied  by  additional  calculations  using  the  method-^f-characteristics 
solution  of  the  potential-flow  equations  to  accurately  describe  the  exhaust  plume 
flow-field,  for  the  rarious  motor  designs.  These  calculations  prorided  cosiplete 
pressure  and  Mach  number  distribution,  as  well  as  the  Mach  disk  location  in  the 
exhaust  plume.  Table  II  presents  the  predicted  location  of  the  Mach  disk  for  each 
of  vlie  three  propellants  at  the  nominal  chamber  pressures.  Since  the  temperature 
measurements  in  the  exhaust  pliaes  were  made  within  0,5  in.  downstream  of  the  nozzle 
exit,  it  is  erldent  that  no  interference  of  the  normal  shock  wave  on  the  gas  and 
particle  temperature  measurements  existed. 

Table  D-II 

MACH  DISK  LOCATION  AS  A  FUHCTIOH  OF  CHAMBER  PRESSURE 

Disk  Location 

Propellant  Chsnber  Pressure  Range,  psia  (inches  aft  of  nozzle  exit} 
AIIP-2969  363  to  650  1.73  to  2.32 

ARP  2991,  Mod  lA  UUo  to  780  i:80  to  2.38 

AHP-3130  320  to  1000  2.2U  to  3.95 

The  calculated  plume  flow  characteristics  were  used  to  obtain 
theoretical  temperatures  at  the  measurement  stations  with  which  measured 
temperatures  were  compared  (see  body  of  report). 
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Pictori  li  Synchionization  of  Optical  Sampling  Scanners 
and  Spectral  Scanner 


Figure  D4 


Test  Motor  AsseoibJ  y 
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UNCIASSIFIED  ABSTRACT 

The  spectral  ccxnparison  method  has  been  developed  for  the  measurement  of 
temperatures  of  both  the  gas  and  condensed  phase  in  a  flame.  This  method  utilizes 
measurements  of  spectrum  line  emission  from  the  gas  and  continuian  emission  fraa 
the  particle  cloud  to  allow  determination  of  the  temperature  of  both  phases.  The 
method  accounts  for  the  effect  of  scattering  by  the  particle  cloud  through  measure¬ 
ments  of  effective  particle  size  and  number  density  used  in  conjunction  with  the 
Mie  theory. 

The  measurement  precision  for  this  method  for  a  clean  gas  was  determined 
frcxn  measurements  or.  a  H2/O2  flame;  the  resulting  standard  deviation  in  gas 
temperature  was  i6^.  With  particles  of  alumina  introduced  into  the  flame,  the 
standard  deviation  in  gas  temperature  was  increased  to  4o.8®K.  For  the  particle 
temperature  the  standard  deviation  was  l4o“K,  a  relatively  high  value  because  of 
the  uncertainty  in  the  refractive  index  of  molten  alumina. 

The  first  spectral  line  of  the  soditan  doublet  (O.589  )  was  assessed  to  be 
a  good  indicator  of  the  gas  temperature  in  flames.  This  was  determined  by  a 
comparison  to  the  lithium  line  at  O.6708  which  is  associated  with  an  electron 
transition  of  longer  radiative  lifetime. 

Measurements  of  particle  cloud  emittance  in  small  flames  were  obtained 
under  controlled  conditions  frcan  which  the  imaginary  part  of  the  refractive 
index  for  molten  alumina  could  be  determined.  These  measurements  and  emittance 
data  of  other  investigators  were  used  to  determine  an  approximate  average  value 
of  O.CX35  for  the  imaginary  part  for  alumina  above  its  melting  temperature. 

Light  scattering  measurements  were  also  performed  using  small  flames  with 
entrained  alumina  particles.  Particle  number  density  determined  from  the  scat¬ 
tering  measurements  gave  striking  agreement  with  the  quantity  derived  from  a 
material  balance. 

Measiuements  were  taken  of  light  extinction  and  emission  in  the  plumes 
of  small  rocket  motors  having  propellants  which  contained  aluminum,  m-2,  or 
IMH-2.  These  measurements  indicated  a  mean  particle  diameter  in  the  plume  of 
0.6  to  1.0  and  thermal  lag  as  high  as  700“K.  Gas  and  peurticle  temperatures 
were  measured  and  in  the  chamber  of  an  IM-2-type  motor,  which  indicated  that 
significant  combustion  is  occurring  downstream  of  the  propellant  grain.  The 
measurements  definitely  help  to  clarify  the  combustion-expansion  phenomena  and 
demonstrate  the  valuable  utility  of  the  measurement  technique  in  this  type  of 
investigation. 
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